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the polypeptide that binds tet operator sequences is a "Tet repressor or mutated Tet 
repressor." Support for this amendment can be found in canceled claims 3, 6, 17 and 20. 
Claims 10 and 24 also have been amended to correct a typographical error. New claims 
27 and 28 have been added; the text of these claims mirrors claims that have issued in 
parent application Serial No. 08/486,814, now U.S. Patent No. 5,866,755. The 
specification has been amended to update the status of the related applications. 

For the Examiner's convenience, a copy of the claims as pending after the 

amendments herein is provided as Appendix A. 

No new matter has been added. Applicants request that the amendments to the 
specification and claims be entered. Amendment of the claims should in no way be 
construed as an acquiescence to any of the Examiner's rejections and was done solely to 
more particularly point out and distinctly claim Applicants' invention in order to expedite 
the prosecution of the application. Applicants reserve the right to pursue the claims as 
originally filed in this or a separate application(s). 

Re jection of Claim* 1-1 1 and 13-26 W ~ ^ U S.C. 8112. first paragraph 

Claims 1-1 1 and 13,-26 have been rejected under 35 U.S.C. §112, first paragraph, 
for lack of enablement. The Examiner contends that the specification "does not 
reasonably provide enablement for any and all transgenic non-human animals, whose 
genome comprises: a first transgene comprising a DNA sequence encoding any and all 
fusion proteins that inhibit transcription in eukaryotic cells wherein the fusion protein 
comprises any polypeptide that binds to tet operator and that is operatively linked to any 
and all transcriptional silencer domains that inhibit transcription in eukaryotic cells" 
(emphasis added) Each of the issues raised by the Examiner will be addressed separately 
below. 
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I. With regard to "any polypeptide that binds to a tet operator", Applicants point out 
that the independent claims have been amended to recite that the polypeptide is either a 
Tet repressor or a mutated Tet repressor. The specification teaches (at least at pages 7-10 
and page 30, line 27 through page 31, line 4), that the term "tet repressor" includes 
"repressors of different class types, e.g., class A, B, C, D or E tet repressors". The 
sequences and characteristics of these different Tet repressor molecules (including their 
abilities to interact with different classes of Tet operator sequences) are set forth, for 
example, in the references disclosed at page 9, each of which has been incorporated by 
reference into the specification. Furthermore, the specification teaches mutated Tet 
repressors that have the reverse binding phenotype from the wild-type Tet repressor (i.e., 
they bind to tet operator sequences in the presence, rather than the absence, of 
tetracycline). Still further, the specification teaches that different Tet operators may be 
utilized as targets for the claimed fusion proteins, and the sequences and differing Tet 
repressor specificities of these Tet operators are set forth in Figure 5. Therefore, the 
specification fully enables the use of Tet repressors or mutated Tet repressors that bind tet 
operator sequences in the fusion proteins of the invention. 

II. With regard to "any and all transcriptional silencer domains", the Examiner 
contends that only the use of a transcription silencer domain of a protein selected from 
the group consisting of v-erbA, the Drosophila Krueppel protein, the retinoic acid 
receptor alpha, the thyroid hormone receptor alpha, the yeast Ssn6/Tupl protein complex, 
the Drosophila protein even-skipped, SIR1, NePl, the Drosophila dorsal protein, TSF3, 
SFI, the Drosophila hunchback protein, the Drosophila knirps protein, WT1 , Oct-2. 1 , the 
Drosophila engrailed protein, E4BP4 and ZF5 is enabled by the specification. However, 
the Examiner has provided no reasons why the use of other transcriptional silencer 
domains is not enabled, beyond the general arguments relating to the "unpredictability" 
of making transgenic organisms (which are addressed in the following section), nor has 
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the Examiner provided any evidence in support of the position that only these 
transcriptional silencer domains are enabled. The ability of transcriptional silencer 
domains to function cross-species, as well as the modular nature of such silencer domains 
(allowing them to be incorporated into fusion proteins and still maintain their inhibitory 
function), was established and accepted in the art at the time of the invention. The 
Examiner has provided no evidence to suggest that transcriptional silencer domains other 
than those in the aforementioned list would not work in the fusion proteins of the 
invention. The burden is on the PTO to provide evidence as to why a claimed invention 
is not enabled. It is Applicants' position that the specification fully enables the use of 
transcriptional silencer domains, as claimed, in the fusion proteins of the invention. 

III. With regard to "any and all transgenic, non-human animals", the Examiner 
states that "there are several significant limitations to the application of the same 
methodology of making transgenic animals to different species" and first cites Mullins et 
al. to support this position, who report 5-70 fold lower yields of recombinant protein in 
transgenic mice when a construct designed for expression in sheep was used. Mullins et 
al., however, is an example of successful expression of atransgene in sheep, 
demonstrating that, at the time of the invention, technology for successfully making 
transgenic sheep was available in the art. The fact that Mullins et al. observed lower 
expression in transgenic mice when the identical sheep construct was used in the mice 
simply indicates that a transgene designed for one species may not be optimal in another 
species. However, the specification teaches that the design of expression vectors will 
depend on the particular host cell in which the protein is to be expressed (see page 13, 
lines 29-31) and various promoters for expression in different species of host cells were 
known in the art. Moreover, the specification discloses constructs that allow for high 
level transgene expression in mice, which is what appears to be deficient in Mullins et al. 
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Further, it should be emphasized that Mullins et al. demonstrate that the transgene was in 
fact expressed in both animals, just to different degrees. 

The Examiner next cites Hammer et al. in support of the "unpredictability" in 
making transgenic animals. The Examiner relies on Hammer et al. for teaching "that the 
integration of a transgene into alternative species may result in widely different 
phenotypic responses even in animals of the same family." However, this reference 
specifically teaches not only that the expression and activity of the B27 transgene in mice 
was "physiologically normal", but further suggests that the arthritis phenotype that the 
researchers were expecting in the mice upon expression of the transgene may not be 
related to B27 expression at all, and further, that several arthritic diseases readily 
inducible in rats cannot be induced in mice, regardless of transgene expression (Page 
1099, column 2, paragraph 2). This reference neither teaches nor suggests that the 
phenotypic difference between rats and mice was due to differential expression or activity 
of the B27 transgene in these animals. In fact, this reference is another example of 
successful expression of a transgene in two different species, rats and mice. 

The third reference cited by the Examiner in support of the "unpredictability" in 
making transgenic animals is Seidel, which the Examiner relies upon for teaching that: 

"In the case of livestock species. . . .characterizing a transgenic line often is a greater 

years in species with long generation intervals. 

These teachings of Seidel at most point out that creating transgenic animals in species 
other than mice may be more time-consuming or problematic from a logistic standpoint, 
but the fact that more time may be necessary to make a non-murine transgenic animal or 
that it may be logistically more difficult does not mean that such animals are not enabled 
by the invention. In fact, Seidel teach that in five separate studies utilizing cattle, goats, 
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sheep and swine, between 3.6 and 9.8% of the offspring attained contained the transgene, 
and between 37.5 and 55.6% of these transgenic offspring expressed the transgene (Page 
28, Table 2). Thus, again, the reference cited by the Examiner actually demonstrates that 
technologies for successfully making transgenic animals in non-mouse species were 
available in the art at the time of the invention. It would therefore not have required 
undue experimentation on the part of one skilled in the art to obtain a transgenic animal 

as claimed in the invention. 

Finally, the Examiner cites Ackland-Berglund and Leib as teaching "that the 
efficacy of tetracycline-controlled gene expression is influenced by cell type." Acklund- 
Berglund and Leib teach that the expression of a gene of interest operatively linked to the 
minimal human cytomegalovirus (HCMV) immediate early (IE) promoter and also to 
seven copies of the Tet operator derived from TnlO by the tetracycline-controlled 
transactivator, TetR-VP16, is cell-type dependent. The Examiner appears to be of the 
opinion that this reported variability is due to cell-type-specific differences in the 
expression of the transactivator fusion protein. On the contrary, this reference 
specifically teaches that the differences in expression level are likely due to the activity of 
the promoter . For example, at page 196, column 2, paragraph 1, the authors state: 

"Although this original system has widespread utility, here we show that it 
is not functional in all cell types because the activity of the tetO/HCMV IE 
promoter varies significantly in certain cell lines" (emphasis added). 

Therefore, this reference neither teaches nor suggests that the Tet repressor- 
transcriptional regulator fusion protein has differing activities in different cell types, or 
that the Tet operator has different binding characteristics in different cell types, but rather 
teaches that the promoter selected for fusion to the gene of interest, in conjunction with 
the Tet operator, may result in different levels of expression of the gene of interest in a 
cell-type-dependent fashion. The specification fully enables one skilled in the art to 
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adapt the genetic constructs of the invention such that they are tailored to cells of the 
particular organism (e.g., animal) of choice. The instant specification teaches that the 
promoter used in operative linkage to the Tet operator(s) and the gene of interest may be 
selected for optimal expression of the gene of interest in different cell types (see e.g., 
page 13, lines 29-31) and also provides exemplary regulatory elements to direct 
expression of the fusion protein in different cell types (see e.g., page 14, lines 6-19). 

Furthermore, the teachings in the instant specification with regard to the 
construction and use of the Tet repressor-transcriptional inhibitor fusion proteins have 
been successfully applied in a variety of eukaryotic cell types using a closely related 
system, the tTA system, in which an activator domain rather than an inhibitor domain is 
used in the fusion protein. Applicants refer the Examiner to: 

1) Agarwal et al. (1995) Proc. Natl. Acad. Sci. USA 92:8493-8497, which uses 
the tTA system in human fibroblasts (see ref. AI in IDS, attachment B); 

2) Bergman et al. (1995) Mol. Cell Biol. 15:71 1-722, which uses the tTA system 
is HeLa cells (see ref. AJ in IDS, attachment B); 

3) Buckbinder et al. (1994) Proc. Natl. Acad. Sci. USA 91:10640-10644, which 
uses the tTA system in human osteosarcoma cells (see ref. CP in IDS, attachment A); 

4) Cayrol and Flemington (1995) J. Virol. 69:4206-4212, which uses the tTA 
system in epithelial cells (see ref. AK in IDS, attachment B); 

5) Chen et al. (1995) Cancer Research 55:4536-4539, which uses the tTA system 
in colon carcinoma and prostate carcinoma cells (see ref. AL in IDS, attachment B); 

6) Gjetting et al. (1995) Biol. Chem. Hoppe-Seyler 376:441-446, which uses the 
tTA system in mammary carcinoma cells (see ref. AO in IDS, attachment B); 

7) Haase et al. (1994) Mol. Cell. Biol. 14:2516-2524, which uses the tTA system 
in human embryonic kidney fibroblasts (see ref. AP in IDS, attachment B); 

8) Howe et al. (1995) J. Biol. Chem. 270:14168-14174, which uses the tTA 
system in rat pituitary-derived cells (see ref. AR in IDS, attachment B); 
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9) Miller and Rizzino (1995) Exp. Cell Res. 218:144-150, which uses the tTA 
system in embryonal carcinoma cells (see ref. AS in IDS, attachment B); 

10) Resnitzky et al. (1994) Mol. Cell. Biol. 14:1669-1679, which uses the tTA 
system in Rat-1 fibroblasts (see ref. CK in IDS, attachment A); 

1 1) Sopher et al. (1994) Mol. Brain Res. 26:207-217, which uses the tTA system 
in human neuroblastoma cells (see ref. AU in IDS, attachment B); and 

12) Wu et al. (1995) Genes Dev. 9:2350-2363, which uses the tTA system in 
NIH-3T3 cells (see ref. AV in IDS, attachment B). 

The fact that Tet repressor-transcriptional activator fusion proteins have been 
demonstrated to regulate target gene expression in a tetracycline-controlled fashion in a 
variety of cell types when constructed and used in accordance with the teachings of the 
instant specification indicates that the specification fully enables the construction and use 
of the Tet repressor-inhibitor fusion proteins of the invention in a variety of eukaryotic 
cells. 

Still further, a variety of transgenic organisms other than mice have been 
produced in which Tet repressor-transcriptional activator fusion proteins have been 
demonstrated to function as described in the instant specification. These include mosses 
(Zeidler et al. (1996) Plant Mol. Biol. 30: 199-205; attached as Appendix B); plants (e.g., 
tobacco) (Weinmann et al. Plant J. (1994) 5(4); 559-569; Bonner et al. (1999) Plant J. 
19(1): 87-95; attached as Appendices C and D, respectively); and insects (e.g., 
Drosophila) (Bello et al. (1998) Devel. 125: 2193-2202; Girard et al. (1998) EMBO J. 
17(7): 2079-2085; Bieschke et al. (1998) Mol. Gen. Genet. 258(6): 571-579; attached as 
Appendices E, F and G, respectively). The fact that Tet repressor-transcriptional 
activator fusion proteins have been demonstrated to regulate target gene expression in a 
tetracycline-controlled fashion in a variety of cell types and organisms when 
constructed and used in accordance with the teachings of the instant specification 
indicates that the specification fully enables the construction and use of the Tet repressor- 



USSN 09/241,347 



-14- 



Group Art Unit 1632 



inhibitor fusion proteins in a variety of transgenic organisms beyond jus. the exemplified 

transgenic mice. 

Furthermore, at the time the invention was made, the teachings of the 
specification with regard to the general construction of transgenic organisms (see e.g., 
pages 17-19), had been utilized by many groups in the production of a variety of 
transgenic organisms, including rats, pigs, sheep, and cows. Applicants refer the 

Examiner to: 

Hammer et al. (J. Amm. Set 630): 269-278, 1986; attached as Appendix H), 
which teaches the production by microinjection of transgenic rabbits, sheep and pigs 
expressing human growth hormone under control of the mouse me.aUothionei„-l 

promoter; 

Pursel et al. (J. Reprod Fertil. Suppl. 41: 77-87, 1990; attached as Appendix I), 
which teaches the production by microinjection of transgenic pigs expressing bovine and 
human growth hormone under control of the mouse metallothionein-I promoter; 

Rexroad et al. (J. Anim. Sci. 69: 2995, 1991 ; attached as Appendix J), which 
teaches the production by microinjection of transgenic sheep expressing bovine growth 
hormone or human growth hormone-releasing factor under the control of the mouse 
transferrin promoter or the mouse albumin promoter, respectively; and 

Ebert et al. (Bio/Technology 9: 835, 1991; attached as Appendix K), which 
teaches the production by microinjection of transgenic goats expressing longer acting 
tissue plasminogen activator under the control of the murine whey acid promoter. 

Each of these references demonstrates the efficacy of the methodologies taught m 
the instant specification in the production of transgenic animals. Thus, it is clear from the 
teachings of these references that the methodologies taught by Applicants are equally 
valid for the production of non-murine animals transgenic for the Tet repressor- 
transcriptional inhibitor fusion proteins of the invention. 
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In view of the above arguments, Applicants respectfully request that the Examiner 
reconsider and withdraw the rejection of claims 1-1 1 and 13-26 under 35 U.S.C. § 1 12, 

first paragraph. 

p ortion of Claims 1-26 Under fte judig^Qe atnl Doctrine of Obviousness-Type 
Double-Patenting 

Claims 1-26 have been rejected under the judicially created doctrine of 
obviousness-type double patenting over U.S. Patent No. 5,866,755. This judicially 
created doctrine is grounded on public policy so as to prevent the unjustified or improper 
timewise extension of the "right to exclude" granted by a patent and to prevent possible 
harassment by multiple assignee, In re Goodman, 11 F3d 1046. In the case of the 
instant rejection under this doctrine, U.S. Patent No. 5,866,755 issued February 2, 1999 
and has a pre-GATT filing date. Accordingly, this patent receives a patent term of 17 
year from issuance and thus is scheduled to expire February 2, 2016. The instant 
application has a post-GATT filing date and has an earliest effective filing date of June 
14, 1993. Accordingly, this application, upon issuance, would receive a patent term of 20 
years from filing and thus would be scheduled to expire June 14,2013. Furthermore, the 
'755 patent and the instant application are commonly owned. In view of the foregoing, 
Applicants submit that a rejection of the instant application under the judicially created 
doctrine of obviousness-type double patenting over U.S. Patent No. 5,866,755 is 
improper and should be withdrawn. 

CONCLUSION 

In view of the foregoing remarks, reconsideration of the rejections and allowance 
of all pending claims is respectfully requested. 
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If a telephone conversation with Applicants' attorney would expedite the 
prosecution of the above-identified application, the examiner is urged to call Applicants' 
attorney at (617) 227-7400. 

Respectfully submitted, 



28 State Street 
Boston, MA 02109 
(617) 227-7400 
twp- December 8, 1999 



LAHIVE & COCKFIELD, LLP 




Catherine J. Kara, Ph.D^ 
Reg. No. 41,106 
Attorney for Applicants 
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APPENDIX A 



1 A non-human transgenic organism having a transgene comprising a 
polynucleotide sequence encoding a fusion protein which inhibits transcription m 
eukaryotic cells, the fusion protein comprising a first polypeptide which is a Tet repressor 
or mutated Tet repressor that binds to a tet operator sequence, operatively linked to a 
heterologous second polypeptide which inhibits transcription in eukaryotic cells. 

2 The organism of claim 1, wherein the first polypeptide of the fusion protein is a 
Tet repressor that binds to tet operator sequences in the absence but not the presence of 
tetracycline or a tetracycline analogue. 

4. The organism of claim 2, wherein the first polypeptide comprises an amino acid 

sequence shown in SEQ ID NO: 17. 

5 The organism of claim 1, wherein the first polypeptide of the fusion protein is a 
mutated Tet repressor that binds to tet operator sequences in the presence but not the 
absence of tetracycline or a tetracycline analogue. 

7. The organism of claim 5, wherein the mutated Tet repressor has at least one 
amino acid substitution compared to a wild-type Tet repressor. 

8 The organism of claim 7, wherein the mutated Tet repressor has an amino acid 
substitution at at least one amino acid position corresponding to an amino acid position 
selected from the group consisting of position 71, position 95, position 101 and position 
102 of a wild-type TnlO-derived Tet repressor amino acid sequence. 

9. The organism of claim 8, wherein the mutated Tet repressor comprises an amino 
acid sequence shown in SEQ ID NO: 19. 

1 0 The organism of claim 1 , wherein the second polypeptide comprises a 
transcription silencer domain of a protein selected from the group consisting of v-erbA, 
the Drosophila Krueppel protein, the retinoic acid receptor alpha, the thyroid hormone 
receptor alpha, the yeast Ssn6/Tupl protein complex, the Drosophila protein even- 
skipped SIR1, NePl, the Drosophila dorsal protein, TSF3, SFI, the Drosophila 
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hunchback protein, the Drosophila knirps protein, WT1, Oct-2.1, the Drosophila 
engrailed protein, E4BP4 and ZF5. 

11. The organism of claim 1, further having a second transgene comprising a gene of 
interest operably linked to at least one tet operator sequence. 

12. The organism of claim 1 , which is a plant. 

13. The organism of claim 1, which is selected from a group consisting of a cow, a 
goat, a sheep and a pig. 

14 A method for modulating transcription of the second transgene in the transgenic 
organism of claim 11, comprising administering tetracycline or a tetracycline analogue to 
the organism. 

1 5 A non-human transgenic organism having a transgene comprising a 
polynucleotide sequence encoding a fusion protein which inhibits transection in 
eukaryotic cells, the fusion protein comprising a first polypeptide which is a Tet repressor 
or a mutated Tet repressor that binds to a tet operator sequence, operatively linked to a 
heterologous second polypeptide which inhibits transcription in eukaryotic cells, wherein 
the transgene is integrated by at a predetermined location within a chromosome within 
cells of the organism. 

16 The organism of claim 15, wherein the first polypeptide of the fusion protein is a 
Tet repressor that binds to tet operator sequences in the absence but not the presence of 
tetracycline or a tetracycline analogue. 

18. The organism of claim 17, wherein the first polypeptide comprises an amino acid 

sequence shown in SEQ ID NO: 17. 

19 The organism of claim 17, wherein the first polypeptide of the fusion protein is a 
mutated Tet repressor that binds to tet operator sequences in the presence but not the 
absence of tetracycline or a tetracycline analogue. 

21. The organism of claim 20, wherein the mutated Tet repressor has at least one 
amino acid substitution compared to a wild-type Tet repressor. 
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22. The organism of claim 21, wherein the mutated Tet repressor has an amino acid 
substitution at at least one amino acid position corresponding to an amino acid position 
selected from the group consisting of position 71, position 95, position 101 and position 
102 of a wild-type TnlO-derived Tet repressor amino acid sequence. 

23. The organism of claim 22, wherein the mutated Tet repressor comprises an 
amino acid sequence shown in SEQ ID NO: 19. 

24 The organism of claim 15, wherein the second polypeptide comprises a 
transcription silencer domain of a protein selected from the group consisting of v-erbA, 
the Drosophila Krueppel protein, the retinoic acid receptor alpha, the thyroid hormone 
receptor alpha, the yeast Ssn6/Tupl protein complex, the Drosophila protein even- 
skipped, SIR1, NePl , the Drosophila dorsal protein, TSF3, SFI, the Drosophila 
hunchback protein, the Drosophila knirps protein, WT1, Oct-2.1, the Drosophila 
engrailed protein, E4BP4 and ZF5. 

25. The organism of claim 15, further having a second transgene comprising a gene 
of interest operably linked to at least one tet operator sequence. 

26 A method for modulating transcription of the second transgene in the transgenic 
organism of claim 25, comprising administering tetracycline or a tetracycline analogue to 
the organism. 



27. A transgenic organism having a transgene integrated into the genome of the 
organism and also having a tet operator-linked gene in the genome of the organism, 
wherein: 

the transgene comprises a transcriptional regulatory element functional in cells of 
the organism operatively linked to a polynucleotide sequence encoding a fusion protein 
which inhibits transcription of said tet operator linked gene, 

said fusion protein comprises a first polypeptide that is a Tet repressor operably 
linked to a heterologous second polypeptide which inhibits transcription of said tet 
operator-linked gene in eucaryotic cells, 
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said m operator-linked gene confers a detectable and functional phenotype on the 
organism when expressed in cells of the organism, „„„ mH , lce 

said transgene is expressed in cells of the organism at a level suffictent to produce 
amounts of said fusion protein that are sufficient to inhibit transcription of the « 

operator-linked gene; and . 

in the absence of tetracycline or a tetracycline analogue in the orgamsm sa,d 
fusion protein binds to the m operator-linked gene and inhibits transcription of the » 
operator linked gene, wherein the .eve, of expression of the <e< operator-hnked gene can 
be upregulated by administering tetracycline or a tetracycline analogue to the orgamsm. 



28 A transgenic organism having a transgene integrated into the genome of the 
organism and also having a m operator-linked gene in the genome of the orgamsm, 

Wherein «he transgene comprises a transcriptional regulatory element functional in cells of 
the organism operatively linked to a polynucleotide sequence encoding a fuston protem 
which inhibits transcription of said let operator linked gene, 

said fusion protein comprises a firs, polypeptide that is a mutated Te, repressor 
,»a, binds to « operator sequences in the presence, but no, the absence, of .etracydme or 
a tetracycline analogue, operably linked to a heterologous second polypep,,de winch 
inhibits transcription of said le, operator-linked gene in eucaryotic cells, 

said « operator-linked gene confers a detectab.e and ft.nc.iona. phenotype on the 
oreanism when expressed in cells of the organism, 

said transgle is expressed in cells of me organism a. a .eve. suffice* to produce 
amounts of said fusion protein that are sufficient to inhibit transcription of the ,e, 

operator-linked gene; and . 

in the presence of .etracycline „, a .etracycline analogue m the orgamsm , sa,d 
fusion protein binds to the operator-hnked gene and inhibits transcription of the ,e, 
operator linked gene, wherein the leve, of expression of the m operator-hnked gene can 
be upregulated by depleting .etracycline or a tetracycline analogue from the orgamsm. 
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Abstract 



As ancestors of higher plants, mosses offer advantages as simple model organisms in studying complex 
processes such as development and signal transduction. Overexpression of transgenes after genetic 
transformation is a powerful technique in such studies. To establish a controllable expression system for 
this experimental approach we expressed a chimeric protein consisting of the TnlO-encodcd Tet repressor 
and the activation domain of Herpes simplex virion protein 16 in the moss Physcomitrella patens. We 
showed that this protein activates transcription from a suitable target promoter (ToplO) containing seven 
operators upstream of a TATA box. In media containing very low levels of tetracycline (1 rag/1), 
expression levels of a ^-glucuronidase (GUS) reporter gene dropped to < 1 '; o of that in the absence of 
tetracycline. This regulation is due to interference of tetracycline with the DNA binding activity of the 
Tet repressor portion of the chimeric transcriptional activator. Stable transformants grown for three 
weeks on tetracycline-containing media showed negligible GUS activity, whereas GUS was expressed 
strongly within 24 h of transfer to tetracycline-free media. Potent and stringently regulated expression 
of other, physiologically active genes is thus readily available in the moss system using the convenient 
ToplO expression system. 



Mosses, situated at the base of higher-plant evo- 
lution, are useful objects for research into physi- 
ology and development, their simple nature pro- 
viding insights into the complex biology of higher 
plants [see 6, 4, 21, 18]. The haploid gametophyte 
filaments can be grown indefinitely in sterile cul- 
ture and easily observed at the cellular level [17. 
5, 15, 12]. Cells are transformable via PEG- or 
particle-mediated DNA transfer [25, 23] and re- 
generate rapidly; stable transformants can be 
analysed within 2 to 3 weeks. The expression of 



introduced genes in mosses can give information 
regarding gene function (reverse genetics) [17, 25, 
19]. 

Overexpression studies with constitutive pro- 
moters are limited by the absence of strict con- 
trols for unexpected epistatic effects of the trans- 
formation procedure. Although widely assumed, 
lines transformed with 'empty' vectors are not 
necessarily appropriate controls, as they are not 
genetically identical to the overexpressors. More- 
over, overexpression of certain gene products can 
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reduce viability and interfere with the regenera- 
tion process. Various inducible plant promoters, 
including those regulated by light [ 10] heat shock 
[26], nitrate. [1], or even phytohormones [7, 16] 
could in principle be used to control expression 
of transgenes. Each of these inducing treatments 
has, however, dramatic and pleiotropic physi- 
ological consequences for plants, irrespective of 
any transgenes. 

Inducible systems based on the Tet repressor 
(TetR) of Escherichia coli have been developed for 
use in eukaryotes [8, 9, 22]. In plants expressing 
high levels of TetR the activity of a cauliflower 
mosaic virus (CaMV) 35S promoter derivative 
containing three operators in the vicinity of the 
TATA box is repressed at least 100-fold. Tetra- 
cycline penetrates living cells readily [9]. As the 
affinity of the repressor for Tc is high [27], very 
low levels of exogenous Tc (1 mg/1) are sufficient 
for dissociation of the repressor from the pro- 
moter in planta. Such low levels of Tc have neg- 
ligible physiological impact [8, 9, 28], 

The Tc-inducible system requires a strong pro- 
moter driving TetR expression because high levels 
of repressor protein arc needed for efficient dis- 
placement of the transcriptional initiation com- 
plex. This potential problem has been circum- 
vented by fusing TetR to the VP 16 transcriptional 
activation domain from Herpes simplex, thereby 



turning the repressor into an activator, tTA [11, 
28]. As illustrated in Fig. 1, the target promoter, 
ToplO, contains several operators upstream of a 
TATA-box\ In the absence of Tc, tTA binds to 
the operators, thereby bringing the VP16 activa- 
tion domain to the promoter region, which leads 
to transcriptional activation. 

As there is no direct competition for the bind- 
ing sites with eukaryotic transcription factors, and 
because less than 100% occupancy of the opera- 
tors are sufficient for activation, less tTA is needed 
for activation than TetR for repression. In the 
presence of Tc, promoter activity is abolished due 
to dissociation of tTA. In plants, background 
levels in the inactive state are lower than when 
TetR has been used as a bona fide repressor. The 
ToplO system has the advantages of requiring 
only a weak constitutive promoter to drive tTA 
and showing stringent down-regulation and 
strong activation. Although ToplO transformants 
must be continually supplied with tetracycline to 
prevent expression, they have the advantage of 
allowing induction on normal (-Tc) media and 
so can be compared with the wild type under 
identical conditions. In our moss system, pro- 
tonemata are grown on agar plates or in liquid 
medium, so the provision or removal of Tc is 
straightforward. 

Wc constructed a ToplO-bascd GUS reporter 



tTA fusion 
protein 



Hlndlll 




Hindlll 



Fig I Function of the ToplO system. The chimeric molecule, tTA, a fusion of the E. coli TetR molecule and he -.Hen*s « mpto 
L activator VP 16, bind, to the ToplO promoter and initiates transcription. In the presence of Tc hovvever, 
promoter is impeded, abolishing gene expression [28]. { no S pA, polyadenylattoo signal of the r,, gene, uuU, /^-glucuronidase gen 
of E. coli: 35S pA, polyadenylation signal of CaMV 35S gene). 
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plasmid (pGLtVT, Fig. 1) bearing a hygromycm- 
resistence gene for stable transformation of moss 
protoplasts. The . source plasmids utilized are 
summarised in Table 1. The Hind \U-Eco RI 35S- • 
VP16-^iR-/ioi'PA cassette was removed from 
p tetVPl6. A similar restriction fragment contain- 
ing the Top\0-uidA-nospA cassette was removed 
from pToplO. These cassettes were ligated to- 
gether into the Hind III site of pGL2, oriented so 
that no read-through was possible, to give 
pGLtVT (detailed description of this plasmid is 
available upon request). The plasmid was trans- 
formed into Physcomitrella protoplasts essentially 
as described [25]. 

Quantitative estimations of GUS activity based 
on MUG (4-methylumbelliferyl-p-D-galactoside) 
assay [14] are shown in Fig. 2. For each assay 
5 ng total protein extract was used and incuba- 
tion of the 100 n\ reaction mix at 37 °C was 
stopped at different time points. Endogenous 
GUS activities of Physcomitrella protonemal or 
protoplast extracts in MUG assay were very low, 
<2 nmol MU min" 1 mg _l - Accordingly, even 
after several days incubation with X-Gluc at 
500 jig/ml [13] no in situ staining was apparent. 
Transient GUS expression with pBluescript or 
pToplO plasmid controls gave similarly low 



backgrounds. Of the numerous 35S-promoter- 
drivcn GUS constructs tested, only the pNco- 
GU S plasmid gave useful expression ( > 500 nmol . 
MU min" 1 mg '.in transient assay; Fig. 2a). 
This value is nevertheless much lower than that 
of typical 35S-GUS-transformed dicotyledons 
(ca. 3000-30000 nmol MU min" 1 nig" 1 [ 13 and 
data not shown]. Similar results with 35S con- 
structs have been obtained in other laboratories 
using PEG-mediated DNA transfer [24], The 
strongest naturally occurring promoter m tran- 
sient assay was that of the rice Actinl gene [29]. 
Potentially significant in this context is that pAc- 
tinl is active in gametophytic pollen grains as well 
as in the sporophyte [29]. The heat-shock 
inducible promoter from soybean (pHS-GUS>), 
active in higher plants, was not effective in moss; 
transient assays before or 24 h after five 30 s heat 
treatments at 45 °C, a non-lethal treatment, 
showed no significant GUS activity (Ftg. 2a). 

As shown in Fig. 2, in the absence of 1c the 
35S-driven tTA-ToplO-GUS construct pGLtVT 
gave 60% stronger transient activity than pNco- 
GUS. Tc added to the recovery medium after 
transformation reduced expression from pGLtVT 
to background levels (2 nmol MU min mg ). 
As this plasmid carries a hpi hygromycin- 



Table I. Construct descriptions. 



Construct 



pBluescript 
pNco-GUS 
pHS-GUS 

pActinl-GUS 

pGL2 
pToplO 

ptetVP16 
pGLtVT 



Description 



Source 



Commercial cloning vector 

E. coli uidA gene cloned as a Sal \-Nco 1 fragment in P DH5 1 
Soybean heat shock gene promoter (Gmhsp) fused transcrip- 
tionally to £. coli uidA in pBlNl9 

Rice Actinl promoter transcriptionally fused to E. coli uidA 

with nos poly(A) signal in pBluescript 

hpi gene cloned in Bam HI site of pDH51 

ToplO controlled E. coli uidA gene with nos poly(A) signal; 

cloned as an Eco RI-HindlH fragment in pUC19 

CAMV 35S-controllcd £. coli TetR translationally fused to 

H. simplex virus VP16 (OX); cloned as art Eco U-Hind 111 

fragment in pUC19 

pToplO EcoRl-HmdlU cassette and ptctVPl6 Eco RI- 
HindUl cassette cloned together in HindUl of pGL2 



Stratagene 

[3,20] 

126,2] 

[29] 

[20] 
[28] 

[28] 

This paper, [20, 28] 
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pTopiom 



B 




pToplOfT] no DNA [X] pGLtVT[TJ pGLIVT|S] 

Fig. 2, A. GUS activity of different constructs. B. GUS ac- 
tivity of different constructs with (light bars) and without Tc 
(dark bars) in the culture medium; [T], transient assay; [S], 
stable transformants. Spontaneous MUG hydrolysis rate (de- 
rived from a control reaction without extract) was subtracted 
from all measurements. The error bars represent the standard 
deviation based on 3 independent measurements. 

resistance gene it was possible to select stable 
transformants and study the ToplO system in 
these. Such transformants subcultured for several 
weeks alternately on selective (30mg/l hygromy- 
cin) and non-selective media in the presence of 
Tc, were finally transferred to - Tc media for 3 
days prior to MUG assay. The exracts showed 



three-fold higher GUS levels than with transient 
pNco-GUS. Material kept on +Tc showed 
background activities (Fig. 2b). All of thd moss 
lines which were selected with the above men- 
tioned procedure were able to express GUS if 
kept cm -Tc. 

These quantitative assays were consistent with 
X-Gluc in situ staining results (Fig. 3). Transient 
expression in protoplasts was clearly and strongly 
Tc-dependent (Fig. 3a). Stably transformed 
clones on +Tc showed insignificant staining 
(Fig. 3b), although filaments which had grown 
away from the medium occasionally showed faint 
blue coloraLion after prolonged incubation. In 
contrast, filaments grown for 3 days on -Tc 
stained intensely (Fig. 3c). Some cells, produced 
under these conditions, were morphologically ab- 
normal, showing a bulbous rather than a tubular 
form, possibly due to deletrious effects of GUS 
expression. Induction of the reporter after trans- 
fer from + Tc to - Tc for 3 days was seen in all 
cells (Fig, 3d). This strong, rather uniform stain- 
ing was in contrast to the results obtained with 
the reverse treatment, - Tc to + Tc. After 3 days 
on + Tc strong GUS activity was apparent only 
in cells which had developed under -Tc condi- 
tions; cells which arose under +Tc were weakly 
stained or, towards the growing filament tips, not 
stained at all (Fig. 3e). This is to be expected as 
GUS is a particularly stable enzyme [13]; most 
of the activity produced under -Tc would re- 
main even several days after GUS expression was 
shut off. A certain amount of cytoplasmic carry- 
over would also be expected at cell division. 

Moss filaments can be grown in liquid culture 
in the presence of Tc, so that uniform inactivation 
can be maintained indefinitely. Induction is con- 
venient because Tc can be removed simply by 
passing the culture through a sieve and resus- 
pending in Tc-free medium. Induction is rapid, 
strong X-Gluc-staining being seen even after only 



Fig, 3. A. Transient GUS assay, from left to right: double transformation of activator and reporter plasmid (30 and 20 ^g DNA, 
respectively) with aud without Tc; transformation with pGLtVT, with and without Tc. B-E. Stable transformants. Cultured for 
two weeks without (B) and with (C) Tc. Filaments grown on Tc for two weeks then transferred to -Tc media for 3 days (D). 
Filaments grown on - Tc media for two weeks and then transferred for 3 days to media containing Tc (E). The bar represents 
10 /im. 
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24 h on -Tc. Although the speed of down- 
regulation following addition of Tc is likely to be 
very rapid on account of the binding avidity of 
TetR and the speed of penetration into the cells 
[27, 28], the stability of the GUS enzyme pre- 
vented our measuring this (Fig. 3e). The 35S and 
Top 10 promoters were orientated in opposite di- 
rection to prevent readthrough effects, but an en- 
hancement effect of the 35S promoter on ToplO 
cannot be ruled out. On the other hand, the data 
we obtained from MUG assay and in situ stain- 
ing imply very stringent regulation. 

On a protein basis, the GUS activities of trans- 
genic dicotyledon tissues are typically 10- to 100- 
fold higher than those obtained here [13]. The 
ToplO-GUS reporter presumably reflects the ac- 
tivity of the 35 S promoter driving tTA under - Tc 
conditions, hence stronger ToplO expression 
might be achievable using a stronger promoter to 
drive the TetR-VP16. Meaningful though the spe- 
cific activities are, the strength of expression on a 
cell basis is clearly apparent from in situ staining 
(Fig. 3). 

In this work we were able to demonstrate 
switchable expression in the moss system. The 
tTA activator is obviously effective in this back- 
ground. By re-engineering the construct to allow 
insertion of coding sequences other than GUS 
downstream of ToplO (work in progress), a pow- 
erful physiological tool for overexpression studies 
will become available. Up to now, overexpression 
studies with constitutively-active promoters have 
suffered from the weakness that the transgenic 
organism might as a result of the transformation 
procedure be genetically aberrant in other aspects, 
and show a phenotype related to these rather than 
to overexpression of the transgene. Although 
widely used, transformation with 'empty' vectors 
is hardly an adequate negative control here, as the 
insert itself (rather than its expression) might have 
significant effects (site of insertion, silencing). 
Using ToplO it is possible to control for such 
effects by switching off transcription. Further- 
more, the levels of Tc necessary to do this are 
orders of magnitude below those at which other 
Tc-related physiological effects occur. We ob- 
served the first significant effect of Tc on proto- 



plast regeneration and cell growth at concentra- 
tions 100-fold higher than that used for effective 
down-regulation of ToplO., Thus +Tc : treated 
t-ransformants can- be compared directly to the 
wildtypc under tTc conditions. In this respect 
ToplO is superior to other potential inducible sys- 
tems such as those based on heat-shock or phy- 
tohormone effects. The tight regulation shown by 
the expression system allows titration of ToplO 
expression with very low amounts of Tc. 
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Summary 

The chimeric transcriptional activator tTA, a fusion 
between the Tn 10 encoded Tet repressor and the acti- 
vation domain of the Herpes simplex virion protein 
VP16, was stably expressed in transgenic tobacco 
plants. It stimulates transcription of the p-glucu- 
-onidase (gus) gene from an artificial promoter 
consisting of 7 tet operators and a TATA-box. Tetra- 
cycline, which interferes with binding of tTA to opera- 
tor DNA, reduces gus expression over several orders 
of magnitude. This stringency of regulation suggests 
that the system can be used to construct transgenic 
plants encoding a potentially lethal gene product. 
Furthermore, the specific and fast inactivation of tTA 
allows studyol the stability of RNAs and proteins. 

. -'-V.-.-.'-si j 

introduction 

Expression of foreign genes in transgenic plants is a 
Widely used tool to confer new characters to different 
species (Schell, 1987; Willmitzer, 1988). In addition, en- 
hancing or reducing the expression of endogenous genes 
helps us to understand the contribution of a defined gene 
product to the phenotype. The ability to control expression 
of a gene via a highly specific mechanism offers unique 
opportunities to study the physiological functions of cer- 
tain gene products at different stages of development. The 
correlation of the phenotype with the kinetics of induction 
allows differentiation between primary and ' secondary 
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consequences, which generates another advantage of 
a regulated expression system. Moreover, a stringently 
regulated promoter is absolutely required, if the expres- 
sion of a gene product of interest interferes with the re- 
generation process. 

Ideally, an inducible. promoter should show extremely 
low or no basal levels of expression in tne absence of 
inducing conditions, a high level of expression in the in- 
duced stage, and an induction scheme that does not 
otherwise alter the physiology of the plant. The last re- 
quirement, especially, renders the use of endogenous 
-promoters, iha\ respond to stimuli like heat (Schoffl et a/.. 
1989), wounding (Keil et a/.. 1989V nitrate (Back et a/., 
1991) or light (Gilmartin et a/., 1990) less favorable. A 
more promising approach is to combine regulatory control 
elements from other organisms, that respond to signals 
usually not encountered by a plant, with tne general plant 
transcription machinery. 

Based on this idea, two different concep:s of gene con- 
trol can be realized, i.e. promoter-repressing systems and 
promoter-activating systems. One way to construct a pro- 
moter repressing system is to use bacteria' repressors to 
compete directly with plant transcription factors and/or 
RNA polymerases for binding (Gatz et 'ai. 1992; Wilde et 
a/., 1992). Using the Tn 10 encoded Tet reoressor (TetR) 
in combination with a suitably engineered Cauliflower 
Mosaic Virus (CaMV) 35S promoter with three integrated 
tet operator sites we have succeeded in constructing a 
tightly repressive expression ^yst^tGaiz et ah, 1992). 
The DNA-binding affinity of TetR rian W abolished by low 
amounts of tetracycline (Tc). The high equilibrium asso- 
ciation constant of about 10" 9 M for the repressor-inducer 
complex (Takahashi et a/., 1986) ensures efficient induc- 
tion at Tc concentrations that do not even inhibit the 
growth of procaryotes (Geissendorfer and Hillen, 1990). 
Addition of Tc leads to a 200- to 500-fold induction of pro- 
moter activity throughout intact tobacco plants without any 
obvious inhibition of plant growth (Roeder et ai, 1994). 

In this paper we describe the characterization of a Tc- 
dependent expression system in transgenic plants that 
combines the features of TetR with those of a promoter- 
activating system. Because of the modular organization of 
transcription factors (Frankel and Kim, 1991), eucaryotic 
activation domains can be fused to procaryotic repressor 
--proteins 4hus -turning them into- transcriptional -activators * 
(Brent and Ptashne, 1985; Labow etaL, 1990). Fusion of 
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Activity of the target promoter P- Top 1 0 during the 
regeneration process 

In order to characterize the function of tTA and its target 
promoter in stably transformed plants we cloned the 
respective chimeric genes on binary vectors which were 
designed for Agrobacterium tumefaciens-rr\e6\ate6 gene 
transfer (Bevan, 1984). As a first step we replaced the gus 
gene of the reporter construct by a modified version that 
contains an intron (Vancanneyt er a/.. 1990). Thus Gus 
activity of transformed plant tissue can be monitored very 
early after the co-cultivation step, because the gene is not 
properly expressed in Agrobacterium. Four different trans- 



genic tobacco lines were generated. Figure 2 depicts the 
different chimeric genes that were cloned into BIN 19. 
pTetVP16 encodes only the 'activator construct' whereas 
pTopIO carries only the 'target construct' adjacent to the~ 
chimeric kanamycin-resistance gene. -pTetVP16-Top10 
contains both constructs on the same T-DNA. To avoid a 
potential influence of the CaMV 35S enhancer on tran- 
scription from the target promoter P -Top 10 the reporter 
construct was placed downstream of the chimeric tTa 
gene. A tail-to-tail orientation of both genes was chosen 
as a further precaution. P NosTetVP16-Top10 differs from 
pTetVP16-Top10 with regard to the promoter driving the 
expression of tTA: whereas pTetVP16-Top10 encodes 
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Gus activity was determined using the fluorometric assay of 
Jefferson (Jefferson et at., 1987). One leaf was taken when 
shoots had just formed small roots on kanamycin containing 
medium. 



The average Gus activity was calculated to be 660 pmol 
4 .My.tpjn" 1 m 9 1 protein (U). Expression levels of the nine 
highest expressing plants varied between 7530 aftd 820 U 
(Table 1). These plants were kept for further analysis. 
Extracts from Top 10 trans*ormants and NosTetVPl6- 
Top10 transformants were incubated for 12 h in order to 
detect even low amounts of activity. Under these con- 
ditions only four Top 10 plants showed a Gus activity of ca. 
50 U. Activities in all the other shoots were indistinguish- 
able from activities measured in untransformed control 
lants (10 U). To assess the effect of Tc on Gus activity of 
i'etVPl6-Top10 plants, we first compared tissues which 
were newly formed either in the presence or absence of 
Tc. Thus, we avoided potential complications due to the 
stability of the Gus protein. The upper panel of Figure 4 
shows roots from plants nos 22, no. 24 and 30; the lower 
panel shows regenerating shoots from explants taken 
from plant no. 47 and from a transgenic plant expressing 
the gus gene under the control of the Triple-Op.promoter 
(TX) which is negatively regulated by TetR (Gatz et a/., 
1992). Even after staining overnight no detectable Gus 
signal was observed in roots grown in 2MS medium with 
1 mg r 1 Tc indicating a very stringent regulation. Quantita- 
tion using the fluorometric assay (Jefferson et a/., 1987) 
revealed that tissue formed in the presence of Tc (roots, 
callus, regenerating shoots) never showed higher Gus 
activity than untransformed controls, even wherr the ex- 
tracts were incubated for more than 12h. Under these 
conditions, the Triple-Op promoter, which is inducible by 
Tc, gives values between 100- and 250-fold regulation. 
As the Top 10 promoter in the presence of Tc yields no 
activity above the background measured in untransformed 
control plants, we cannot calculate an equivalent numeri- 
cal value for the efficiency of regulation. When shoots that 
had formed on Tc were placed on 2MS without Tc, Gus 
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Figure 5. Northern blot analysis of TetVPi6-ToplO plants. 
RNA was prepared either directly from plants grown under axenic condi- 
tions on 2MS medium (lanes marked -) or after infiltration with 1 mg r 1 Tc 
and 48 n incubation on Tc -containing medium (lanes marked +). In lanes 
TX+ and TX- RNA of a transgenic plant containing the gus gene under 
the control of the Tc-tndudble TX -promoter was loaded to demonstrate the 
reciprocal effect of Tc. The bJot was first probed with a restriction fragment 
containing the gus coding region, and subsequently with a 695 bp tetR 
fragment. 

activity reaccumulated. which shows that the regulation is 
reversible. '^^^ 

The explants shown in the lower pannel of Figure 4 indi- 
cate that Gus expression levels are sensititive to Tc not 
only in newly formed shoots, but also in leaf explants, 
which had expressed Gus activity before being put on Tc. 
We confirmed this on the RNA level by Northern blot 
analysis of RNA from leaves being vacuum infiltrated with 
and without Tc (Figure 5). As expected, plants nos 22, 47, 
and 24 showed a Tc-mediated decrease in mRNA accu- 
mulation. Plant TX, which contains the gus gene under the 
control of the TetR-regulated promoter, shows the positive* 
effect of Tc in that system. At the level of total RNA no 
background activity could be detected, with longer expo- 
sures showing only signals originating from cross- 
hybridization to ribosomal RNA. Whereas no. 47 showed 
the expected expression levels comparable with the levels 
given by the CaMV 35S promoter (lane 47a, see Table 1 ), 
plants nos 22 and 24 showed unexpectedly low mRNA 
levels. As the RNA was isolated 3 months after quantita- 
tion of Gus expression levels, it seems that the target pro- 
moter gets silenced when the plants grow older. This was 
confirmed by analyzing RNA of plant no. 47 1 year after 
the transformation. The decrease in the amount of expres- 
sion is demonstrated in lane 47b (Figure 5). This instability 
of the activity of the target promoter was observed in all 
our transformants. Rehybridization of the Northern blot 
with the tetR probe revealed, that the silencing of the 
promoter was not due to reduced expression of tTA 
mRNA. Gus activities of 10 kanamycin-resistant seedlings 
from plants nos 13. 30 and 47 were determined to be 
430 U, 50 U and 250 U : respectively, which still is signifi- 
cantly lower when compared with the expression levels of 
the young transformants (Table 1). All of them showed 
again stringent sensitivity to Tc. 
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levels of three plants transformed with pTetVP16-Top10, 
which showed different Gus expression levels (Table 1) 
were in the same range. The gel shift analysis provides 
liqchemical evidence to_r j^^«pres^ 
plants (Figure 8b). Owing to the change in molecular 
weight and charge the complex has a reduced elec- 
trophoretic mobility as compared with the Tet repressor- 
operator complex. 

Discussion 

We have established a regulated promoter for transgenic 
plants whose activity is turned off in the presence of low 
amounts of Tc. Regulation is based on an activation 
mechanism: a chimeric protein (tTA) consisting of the 
Tn f O-encoded Tet repressor (TetR) fused to the activation 
domain of a eucaryotic transcriptional activator (VP16) 
(Gossen and Bujard, 1992) was expressed in plants. 
When bound to an array of tet operator sequences 
upstream of the TATA-box of the CaMV 35S promoter. iV 
activates transcription in vivo. In the presence of Tc, which 
prevents tTA from binding to the operator sequences, 
the promoter is inactive. In contrast, the principle of our 
previously established Tc inducible system (Gatz et ai. t 
1992) is based on repression. The Tn/0-encoded Tet 
repressor sterically interferes with the establishment of a 
functional transcription initiation complex if three operator 
sites are suitably engineered tn the vicinity of the TATA- 
hox of the CaMV 35S promoter. Addition of Tc induces 
jene expression because it prevents TetR from binding. 
For both expression systems the features of the Tn70- 
encoded TetR— namely its capacity to bind to operator 
DNA and the action of Tc to interfere with binding (Hillen 
et a/., 1984)— were exploited. This discussion includes 
a comparison of the promoter-activating versus the pro- 
moter-repressing system for the transcriptional regulation 
in plants. 

Transient assays 

Transient assays proved that tTA is functional in plants. 
This was expected in view of the observation that the 
acid domain of VP16, originally encoded by herpes 
simplex virus, can activate transcription in a variety of 
organisms like yeast (Berger et a/.. 1992), mammalian 
cells (Sadowski et a/., 1988), insects (Wampler and 
Kadonaga. 1992) and plants (McCarty et a/.. 1991). As 
in the other systems, we observe 'squelching' effects 
aX higher tTA concentrations, which indicates that tTA 
interacts with some component of the transcriptional 
machinery, even if it is not bound to operator DNA (Berger 
et a/.. 1990). At optimal concentrations, the activity of the 
tTA-driven promoter is higher than the activity mediated 
by the CaMV 35S promoter. However, its background 



activity in the absence of the activator was rather high 
(10-18% of the optimal tTA-dependent activity). It might 
well be that the sequence between the operators 
upstream oi Jhe TAT ^Mx^^njains _a ^crygtic . activation, 
site that is recognized in protoplasts. We have shown pre- 
viously that the operator sequence itself does not mediate 
activation (Frohberg et aL, 1991). In addition, sequences 
between +1 and -50 in the same vector do not confer 
promoter activity (data not shown). Upon addition of Tc 
activity of the reporter construct dropped, similar to results 
obtained earlier in stably and transiently transformed Hela 
cells (Gossen and Bujard, 1992). However, at 2 mg I"' 
Tc, a concentration which causes maximal induction in 
the repressed system, tTA is not completely inactivated. 
These results are in contrast to comparable transient 
expression experiments in mammalian cells, where even 
lower Tc concentrations completely inhibit tTA-dependent 
activation (Gossen and Bujard, unpublished results). As 
in stably transformed plants even 1 mg I" 1 Tc is sufficient 
tor complete inactivation of tTA (see below), we would 
assume, .tfiat the incomplete inactivation is not due to 
a reduced affinity of tTA for Tc. We would rather favor 
the explanation that at the high concentrations of trans- 
activator and reporter DNA present in a transient expres- 
sion system, the tTA-Tc complex might still cause some 
activation due to un'specific binding to the introduced 
target plasmid. In conclusion, these results indicate that 
the tTA- based system is not appropriate for the regulated 
expression in transient systems. In contrast, we do not find 
any background activity and maximal inducibility by Tc in 
transient assays when TetR is used to to repress tran- 
scription (Gatz etai. 1992). 

Stable transformants 

The problems encountered in transient assays were not 
observed in stably transformed_ plants. Forty-six trans- 
genic plants containing the Top10 construct did not 
show any detectable Gus activity, four plants showed low 
activity, probably due to the integration of the T-DNA in the 
proximity of enhancer elements that might interact with 
the TATA-element of the target promoter. If the chimeric 
tTA gene was introduced along with the target promoter, 
46 out of 60 kanamycin-resistant plantlets expressed the 
gus gene if grown in the absence of Tc. The difference in 
the expression levels between the inactive state and the 
active state of this system is difficult to quantify because 
Gus activity in the presence of Tc is close to zero. Similar 
results were obtained in HeLa cells, where luciferase 
activity was less than 2 U in cells grown in the presence of 
Tc and up to 257 1 00 U in the absence of Tc resulting in a 
regulation factor of at least 1 x 105 (Gossen and Bujard, 
1992). Gus activity in untransformed plants and TetVPl6- 
Top10 plants grown in the presence of Tc was 10 U in our 
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very useful for the direct comparison of the stabilities of 
two proteins. 

Expression oftTA in transgenic plants 

The transient assays already indicated, that high levels of 
tTA expression might lead to the inhibition of transcription 
due to squelching effects. Consistently we found that 
transgenic plants synthesize less mRNA for tTA than for 
TetR (Figure 8a). The gel shift analysis (Figure 8b) allows 
a rough estimation of the difference between TetR and tTA 
expression levels: 0. 1 2 u.g of the extract derived from plant 
Tet1#2 encoding TetR retard about the same amount 
of operator encoding DNA as 6 jig of the TetVp16#17 
extract, indicating that tobacco plants tolerate about 50- 
fold less tTA than TetR. However, this estimation is based 
on the assumption that tTA binds operator DNA with a 
similar affinity as TetR, and that it is as stable in the crude 
extract as TetR. The" Nos prompter, which is reported to be 
30-fold less active than the CaMV 35S promoter (Sanders 
era/.. 1987), is too weak to synthesize sufficient amounts 
of tTA in leaves. The blue staining we observed in callus of 
NosTetVP16-ToplO plants proves that the construct is 
functional/ We have found no direct comparison of Nos 
promoter activity in leaves and callus in the literature. 
However, it has been described, that the Nos promoter is 
under developmental control (An et a/., 1988) as well 
as wound inducible and auxin inducible (An et a/., 1990). 
Therefore it is very likely, that its expression is higher in 
callus than in leaves. This indicates that tTA levels have to 
exceed a certain threshold to be able to drive expression 
from the target promoter. 

In conclusion, we have established a Tc-dependent 
expression system in transgenic plants and demonstrated 
its potential to regulaie eU.ciently expression of a trans- 
gene. For- some applications, this system, which is nega- 
tively regulated by Tc. might be superior to the previously 
established Tc-inducible promoter (Gatz et ai, 1992): (i) it 
is particularly useful if the stringency of the regulation has 
to be very high; (ii) It can be used for the study of mRNA 
and protein decay rates. 

Experimental procedures 

Plants, bacterial strains and media 

Nicotiana tabacum W38 was obtained through 'Vereinigte 
Saatzuchten (Ebstorl, Germany). Plants in tissue culture were 
grown under a 16 h light/8 h dark regime on Murashige and 
Skoog medium (Murashige and Skoog, 1962) containing 2% 
sucrose (2 MS). Escherichia coU strain DH5a (Bethesda 
Research Laboratories. Gaithersburg) was cultivated using 
standard techniques (Sambrook et ai. 1989). Agrobacterium 
tumefaciens stram C58CX1 containing pGV2260 (Deblaere etai, 
1 985) was cultivated m YEB medium (Vervliet et ai, 1975). 



Reagents 

DNA restriction and modification enzymes were obtained from 
Boehringer Mannheim (IngelheinvGermany)-and New England 
Biolabs (Danvers, USA). Chemicals were obtained through 
Sigma Chemical Co. (St. Louis, USA) or Merck (Darmstadt. 
Germany). 



Recombinant DNA techniques 

Standard procedures were used for recombinant DNA work 
(Sambrook etai, 1989). 

Constructs 

A diagram of the final constructs is shown in Figure 2. pTetVPi 6: 
pTetl (Gatz et ai, 1991). which contains the /encoding region 
between the CaMV 35S promoter and the octopine synthase 
{ocs) transcriptional terminator, was digested with eamHI and 
Sph\ and treated with T4-Polymerase to generate blunt ends. 
Religation of the vector resulted in the loss of the Xba\:Sal\, Pst\ 
snd Sph\ sites between the coding region and the ocs transcrip- 
tional terminator. The resulting piasmid pTetl A was digested with 
Xbal and eamHI in order to excise tetR sequences downstream 
from amino acid 3. The coding sequence of tTA was gamed by 
Xba\lBamH\ digestion of pUHD 15-1 (Gossen and Bujard. 1992) 
and ligated into pTeHA cut with Xba\ and SamHI to yield 
pTetVPl6. pUC-TetVPl6: The tTA gene under the control of 
the CaMV 35S promoter and the ocs transcriptional terminator 
was excised from pTetVP16 as an EcoRI/H/ndlll fragment and 
inserted into pUC18 cut with EcoRI and H/ndlll {Figure 1). pUC- 
Top10: pUC-Top10 was derived from plGFt07 (Gatz et ai. 
1991). which contains the coding region of the bacterial chlor- 
amphenicol acetyl transferase {cat) gene under the control of a 
modified CaMV 35S promoter. This promoter contains a number 
of additional unique restriction sites between positions -1 and 
-53. The piasmid was linearizeo with Spel at position -53. the 
protruding ends were filled in using Klenow DNA polymerase, and 
a synthetic 55 bp oligonucleotide (Gatz et ai, 1 991 ) encoding two 
operators and a BglW site was inserted. The promoter fragment 
was cloned as an EcoR\fXho\ (fill-in) fragment into pGus (Kbster- 
Tbpfer etai, 1989) cut with EcoR\ and Sma\. The resulting pias- 
mid pSpe-Gus was cut with Aspl\% and eo7ll(fill-in) and ligated 
with the Asp7WXho\ (fill-in) fragment from pUHC 13-4 (Gossen 
and Bujard. 1992). so that the CaMV 35S enhancer was replaced 
by seven tet operators. In the course of this step part of the 55 bp 
oligonucleotide was unintentionally deleted, so that seven tet 
operator sequences (instead of nine) were left. The sequence of 
this promoter (P-Top10) is shown in Figure 2(b). pUC-ToplO- 
Gus/int: the coding region of the ^-glucuronidase {gus) gene and 
the nopaline synthase {nos) polyadenylation signal from pUC- 
ToplO was excised with SamHI and H/ndlll and replaced by 
the coding region of a modified gus gene containing an intron 
(Vancanneyt et ai, 1990) and the CaMV 35S polyadenylation 
signal. pToplO: The guslint gene under the control of the syn- 
thetic ToplO promoter was cloned as an EcoR/H/ndlll fragment 
into p8IN!9 {Bevan, 1984) cut with EcoRI and H/ndlll. pTetVPl6- 
TopiO: a H/ndlll linker was cloned into the EcoRI (fiH-in) site of 
pUC-ToplO-Gus/int. The guslint gene under the control of the 
synthetic ToplO promoter was cloned as a H/ndlll fragment into 
pTetVP16 H/ndlll For further experiments we chose a piasmid 
that contained the r 7* gene and the pus gene tail to tail (^9^ 2) 
pNosTetVPl6: pTetVPi6 was cut with EcoRI and Asp7i8 (liii-m). 
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Transcriptional activator TGV mediates dexamethasone- 
inducible and tetracycline-inactivatable gene expression 



Staffen Bohner, Ingo Lenk. Mechthild Rieping T , 
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Albrecht-von-Haller-lnstitut fur Pflanzenwissenschaften, 
Georg-August-Universitat Gottingen, Untere KarspOle 2. 
D-37073 Gottingen, Germany 

Summary 

A chemically regulated gene expression system that can 
be switched on with dexamethasone and switched off 
with tetracycline was constructed. It is based on a 
transcriptional activator (TGV) that consists of the Tn10 
encoded Tet repressor, the rat glucocorticoid receptor 
hormone binding domain and the transcriptional 
activation domain of Herpes simplex virion protein VP16. 
When stably expressed in transgenic tobacco plants, it 
mediates dexamethasone-inducible transcription from a 
synthetic promoter (P Top io) consisting of seven tet 
operators upstream of a TATA-box. Tetracycline 
interferes with induction by negatively regulating the 
DNA-binding activity of the TetR moiety of TGV. The 
boundaries of the expression window of the TGV-driven 
P Top10 reach from undetectable levels of the reporter 
enzyme ^-glucuronidase in the absence of dexa- 
methasone to induced levels reaching 15-20% of the 
Cauliflower Mosaic Virus 35S promoter (P c »mv3ss>- b V 
modifying the sequence of P Top io. we generated a new 
target promoter (P Ta x) that is stably expressed over 
several generations and that can be activated to levels 
comparable to Pc^vw while yielding only slightly 
elevated background activities. 

Introduction 

Regulated gene expression systems based on the features 
of the TnfO encoded Tet repressor (TetR) have been 
developed for a variety of organisms (Gatz, 1997) since 
its first use in plant protoplasts (Gatz and Quail, 1988). The 
favourable properties of TetR include specific binding to 
tet operator DNA and abolishment of this DNA-binding 
activity in the presence of low amounts of the inducer 
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tetracycline (tc; Hillen and Berens, 1994). When expressed 
in transgenic plants, TetR represses a modified P Ca MV35S 
encoding three tet operators in the vicinity of the TATA- 
box (Gatz era/.. 1992). Application of tc, either in the 
hydroponic system or by painting of single organs, leads 
to up to 500-fold induction of promoter activity. The 
system has been successfully used for the inducible 
expression of rolB (Roder etai, 1994), rolC (Faiss etai, 
1996), ipt (Faiss etai.. 1997), a dominant negative mutant 
of bZIP transcription factor PG13 (Rieping etai., 1994) and 
arginine decarboxylase (Masgrau etai., 1997) in tobacco, 
and of S-adenosylmethionine decarboxylase (Kumar etai, 
1996) in potato. A major drawback of the system is that it 
does not function in Arabidopsis thaliana, which has 
become one of the most used model plants for molecular 
genetic studies. It seems that repressor concentrations 
required for repressing transcription cannot be tolerated in 
A. thaliana, a phenomenon that has also been reported for 
tomato (Corlett etai, 1996) and mammalian cells (Gossen 
etai. 1993). 

As promoter-activating systems require lower levels of 
the regulatory protein than promoter-repressing systems 
(Gossen etai., 1993), TetR was turned into a transcriptional 
activator (called either tTA or TetVP16) by fusing it to the 
activation domain of Herpes simplex virion protein 16 
(VP16; Gossen and Bujard, 1992). This modification helped 
to circumvent TetR-related toxicity symptoms in mamma- 
lian cells and led to the establishment of a tc-dependent 
expression system that has a tremendous impact on 
elucidating gene function in mammalian systems (Shock- 
ett and Schatz, 1996). The same concept worked in 
transgenic tobacco plants, where low levels of tTA activate 
transcription from a synthetic target promoter (P Top io) 
consisting of seven tet operators upstream of a TATA-box 
(Weinmann etai., 1994). In the presence of tc, background 
levels are lower as compared to the tc-inducible system 
described above. However, the system has two disadvan- 
tages: plants have to be kept constantly on tc for turning 
off transcription, and the target promoter is silenced over 
time, Both issues have been addressed in this work. 

In order to render tTA chemically inducible, we have 
combined it with the glucocorticoid receptor hormone 
binding domain (GR HBD) whilst maintaining its tc 
sensitivity. When GR HBD is fused to a heterologous 
protein, the function of the resulting fusion protein 
becomes regulated by steroid hormones like dexametha- 
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sone (dx; Picard, 1994). It has been hypothesized that 
disruption of the normal functions of the wild-type protein 
in the absence of the hormone is due to the association of 
GR HBD with a complex of cellular proteins, including heat 
shock protein 90. Hormone binding results in the release of 
the cellular protein complex from the fusion protein, 
leading to the restoration of the normal functions of -the 
protein. This principle has been shown to work in 
transgenic plants (Aoyama etai, 1995; Lloyd era/., 1994; 
Simon etal, 1996). When combined with a chimeric 
protein consisting of the DNA-binding domain of yeast 
transcription factor GAL4 and the VP16 activation domain 
(Triezenberg etai, 1988), the resulting protein GVG 
mediates dx-inducible gene expression in transgenic 
tobacco and Arabidopsis plants (Aoyama and Chua, 1997). 

Here we report the successful combination of the dx- 
inducible with the tc-dependent expression system, result- 
ing in a promoter that can be turned on with dx and turned 
off with tc. Furthermore, we describe a new target 
promoter (P Ta x) that can provide high and stable expres- 
sion levels. 

Results 

Construction of regulatory elements 

Two different transcriptional activators were constructed 
{Figure 1). The first construct (TGV*) contains GR HBD 
sandwiched between TetR and the activation domain of 
VP16. This construct was further modified by inserting a 
stretch of 28 amino acids encoding the bipartite nuclear 
localization sequence (NLS) of plant transcription factor 
TGA1b (Katagiri etal, 1989; Van der Krol and Chua, 1991) 



between the TetR moiety and GR HBD, yielding the 
chimeric protein TGV. Both constructs (TGV* and TGV) 
were placed under the control of PcaMV3ss- The target 
promoter P Top io, consisting of seven tet operators up- 
stream of a TATA-box (Weinmann etai, 1994), was used to 
drive expression from the intron. containing fi-g!ucuroni- 
dase igus/int) reporter gene (Vancanneyt era/., 1990). The 
tail to tail orientation of both chimeric genes was chosen to 
'increase the distance between PcaMV3ss and Pt op io/ thus 
avoiding activation of Ptopio by the CaMV 35S enhancer. 
Both constructs were transformed into tobacco (Nicotiana 
tabacum) using A tumefaciens mediated gene transfer. 
Resulting plants were called TGV*/GUS and TGV/GUS, 
respectively. 

Regulation of TGV-mediated gene expression in 
transgenic plants 

In order to quickly test for dx-inducible gene expression, 
leaf disks of independent transformants were cultivated on 
shoot induction medium containing 30 (.im dx. Plants 
yielding calli that stained blue after incubation in X-Giuc 
overnight were chosen for further analysis, with our main 
focus lying on TGV/GUS transformants, although TGV*/ 
GUS transformants worked as well. To monitor induction 
at the whole plant level, four TGV transformants were 
adapted to hydroponic growth under greenhouse condi- 
tions and dx was added to the liquid growth medium at a 
final concentration of 30 uM. The hydroponic solution was 
exchanged every 3 days. As shown in Table 1, GUS 
activities of uninduced plants were indistinguishable from 
untransformed control plants. After 14 days of dx treat- 
ment, GUS activities accumulated up to 2000 U. This is in 
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Figure 1. Diagram of chimeric genes used for the establishment of a dx-inducible/tc-inactivatable expression systerr. 

The chimeric genes encoding the activators TGV* and TGV were placed between Pc b mv3ss and the octopine synthase poly-adenylation signal {pA 0 „). 
Amino acids of the different domains in the respective native proteins (TetR, GR, TGAlb, VP16) are given. The gus'int reporter gene was placed between 
the target promoter P Top io. consisting of seven tet operators upstream of a TATA-box, and the 35S polyadenylation signal (pA 35S; ). The tail-to-tail 
orientation of both genes was chosen in order to avoid activation of Ptodio by the CaMV 35S enhancer. Restriction sites mentioned in the cloning strategy 
are indicated (see Experimental procedures). 
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Table 1. Dx-regulated expression of plants grown in hydroponic 
culture 



DexamethasoneAetracycline regulated gene expression 89 
(a) Time after dx induction (h) 



Plant 


-dx 


+ dx 


'induction factor' 




(Odays) 


(14 days) 


(+dx/-dx) 


#21 


4 


2079 ± 500 


x520 


#26 


5 


767 ± 107 


x 153 


#28 


4 


1842 ±715 


x 461 


#29 


5 


2151 ± 561 


x430 


wt 


7 


5 





Four independent TGV/GUS plants were grown in hydroponic 
culture under greenhouse conditions. A fresh solution 
containing 30mM dx was supplied every 3 days for 14 days. 
Three leaf disks were taken from an upper, a middle and a 
lower leaf and analysed for GUS activity. Standard deviations 
refer to differences between different leaves (n = 3). The table 
indicates GUS units at time zero and at day 14 as well as 
'induction factors'. 



the same range as the activity of P Top io when driven by tTA 
(Weinmann era/., 1994). In average, PcaMV35s-0us/?nf 
encoding transgenic plants yield approximately 10 000 U 
under the same assay conditions. Staining of leaves with 
X-Gluc revealed homogeneous induction of reporter gene 
expression (data not shown). In order to test for the tc 
sensitivity of the system, dx induction was carried out 
whilst painting a single leaf with tc (10 mg I" 1 ) every day 
using a paintbrush. After 14 days, the tc-treated leaf 
showed 55-fold less GUS activity as compared to the dx- 
induced plant, indicating that the TetR moiety of TGV still 
maintains its tc sensitivity in spite of the 42 kDa C-terminai 
extension. Painting of P Ca MV35s^^/?nf control plants with 
tc did not have any effect on GUS expression levels. In 
summary, these experiments show that TGV confers both 
dx-inducible and tc-inactivatable gene expression. 

Northern blots were performed to demonstrate the 
kinetics of the effect of the two drugs on gene expression. 
In 20cm tall tobacco plants, maximal RNA levels were 
reached after 3 h of dx treatment (30 um; Figure 2a). A time 
course of the effect of tc on gene expression is demon- 
strated in Figure 2(b). Two plants of the same genotype 
were cultivated for 14 days on dx, with the dx-containing 
nutrient solution being exchanged every 3 days. At time 
point 0, dx feeding was stopped and tc (1 mg ml" 1 ) was 
added to the hydroponic culture medium of one of the 
plants. Omission of dx did not lead to a decline of the 
transcript levels, indicating that after feeding of plants with 
dx for 14 days, the drug had accumulated to levels that led 
to quasi-constitutive levels of gene expression. Even after 
a further 6 weeks of cultivation on dx-free medium, GUS 
activities were still at maximal levels (data not shown). In 
contrast, addition of tc to the hydroponic culture led to a 
decline of Gus mRNA levels after 6 h, with no gene 
expression being detectable after 24 h. When using 
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Figure 2. Kinetics of Gus mRNA levels regulated by either dx or tc. 

(a) Kinetics of Gus mRNA levels induced by dx. Plant TGV/GUS#21 was 
adapted to hydroponic culture for 1 week. At time point 0, dx was added 
to the medium at a final concentration of 30 mm. Total RNA was prepared 
from a total of three leaf disks punched out from an upper, a middle and 
a lower leaf. I5pg of RNA were loaded on each lane. Restriction 
fragments of the gus gene or the tgv gene were used as probes. 

(b) Kinetics of the induced Gus mRNA after omission of dx and 
beginning of tc treatment. Two cuttings of plant TGV/GUS#17 carrying 
the tgv gene and the Gus reporter gen« under the control of Pt op io were 
grown on dx for 14 days. At time point 0. the medium was exchanged 
against dx-free medium: tc was added and samples were collected as in 
(a) at the time points indicated above the lanes. 



chlor-tc, the kinetics was slower, with undetectable mRNA 
levels being reached after 48 h (data not shown). By sub- 
sequently using dx and tc, it is now feasible to induce a 
pulse of gene expression for a very well-defined period of 
time. 

Characterization of TGV expression in transgenic plants 

Using Western blot analysis (Figure 3a), TGV protein levels 
of Ft plants derived from four independent TGV-transfor- 
mants and one highly expressing TGV* transformant were 
analysed. TGV levels correlated roughly with GUS activ- 
ities, with the lowest expressing line TGV/GUS#26 also 
exhibiting lowest GUS activity (see also Table 1). Protein 
extracts of plants synthesising sufficient TetR or tTA to 
regulate the respective target promoters (Gate era/., 1991; 
Weinmann era/., 1994) revealed that TGV* and TGV were 
expressed at lower levels as compared to TetR. In contrast, 
a signal of the expected molecular weight was missing in 
extracts derived from tTA transformants. As all constructs 
encode identical sequences between PcaMV35s and TetR, 
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Figure3. Expression levels of different TetR-based transcriptional 
regulators. 

{a} Protein extracts (60ngJ of plants encoding TelR (F 2 ; Gatz ctai, 1991), 
tTA (F,; Weinmann etal., 1994), TGV* (F 1( highest expressing plant), and 
TGV (F v * four independent plants) under the control of PcnMvass were 
subjected to Western blot analysis using a polyclonal antiserum against 
TetR. The antibody detected TetR (24kOaJ, TGV* (64k0a) and TGV 
{66kDa), but not tTA (36kDa), although this plant activates transcription 
from target promoters Pt™ and P Top io. Judging from a range of different 
Western blots, we consider The signals of MW 40-44 kOa as being 
unspecific. 

(b) RNA was prepared from the same TetR and tTA plants as in (a) and 
from TGV plant #21 and analysed on a Northern blot using TetR as a 
probe. 15jig of RNA were loaded on each lane. 



we can exclude that differences in the 5'-untranslated 
leader might be responsible for different expression levels. 
RNA levels from one highly expressing line of each 
construct (originally selected from at least 20 independent 
transgenic plants) were analysed (Figure 3b). Correspond- 
ing with protein levels, TetR mRNA levels were higher than 
tTA and TGV mRNA levels. Although tTA was not 



detectable at the protein level, its mRNA was even higher 
than the TGV mRNA, indicating that tTA is less stable than 
TGV, at least in the absence of the effector molecules. 

Toxicity of the activator and the effector molecules 

Ideally, neither the activator nor the effector molecules; 
should influence any plant function. In order to 'monitor 
any obvious toxic effects, untransformed seedlings and 
seedlings of TGV/GUS#21 were germinated on sterile MS 
medium without or with either dx, tc and chior-tc. No 
difference in growth was observed. Subsequently, we 
continued to cultivate single plants in hydroponic culture 
with or without dx, tc or chlor-tc for 19 days. The 
phenotype of the green parts remained unaffected. How- 
ever, tc and, to a lesser extent, chlor-tc caused browning of 
the roots, as well as reduction of root growth. In addition, 
we measured the efficiency of photosystem II as a very 
sensitive marker for possible toxic effects. Dx treatment 
did not have any effect on either wild-type plants or TGV 
transformants [FJF m : 0.81 ± 0005). Tc and chlor-tc affected 
photosystem II efficiency by 5-15%, and 3.7-8.6%, respec- 
tively. This prompted us to test anhydro-tc ( which has 
been shown to be an efficient inducer of TetR (Gossen and 
Bujard, 1993) and which has been claimed to be less toxic 
for plants as compared to tc (Jones etai, 1998). Indeed, 
anhydro-tc treatment (4mgl* 1 ) caused only 1.3-3.7% 
reduction of the F/F m value. However, the apparent 
instability of the chemical in the hydroponic set-up makes 
its use rather inconvenient. We also probed the Northern 
blots shown in Figure 2 with the cDNA for GNT35, which 
encodes glutathione S-transferase (van der Zaal et al, 
1996). This gene is inducible by chemical stress, but was 
neither induced by dx nor tc (data not shown). 

Construction and expression profile of target promoter 

Fjax 

One problem associated with P Top io is the silencing 
phenomenon which occurred as primary transformants 
grew older (Weinmann etai, 1994). The same effect was 
observed with TGV/GUS plants in this study. By avoiding 
potential methylation sites in P Ta x we aimed to construct a 
promoter that showed stable expression over several 
generations. In the 'core promoter region' between posi- 
tions -48 and +1, P ToP io differs in 15 positions from the 
respective sequences of P C3 mv35S due to the introduction 
of restriction sites (Weinmann etai, 1994). P TflX contains 
wild-type Pcomvsss sequences in this region, except at 
positions -36, -39 and -45. At position -45, a C was 
exchanged against an A in order to avoid a potential CG 
methylation site. The other two positions were altered to 
introduce a Stu\ site. In addition, the 'enhancer' portion of 
the promoter was redesigned, emphasis being laid on 
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Figure* Schematic comparison of P ToP io and Pj„. contains four tet operators upstream of a 'core promoter' 



Table 2. Comparison of the expression profiles of P TO pio and 



Generation 


Activator PTax 


Ptopio 


wt 


PcaMV 35S 


ft 


-tTA 12 H3) 


7(27) 


6 


9040 (5) 


ft 


+ tTA 10260(19) 


1340 (12) 


n.d. 


n.d. 



The chimeric genes Pj^gus/int.^s and Pj op ^:gusAntpA 3 ^ 
were cloned into BIB and transformed into wild-type plants and 
plants expressing tTA. The chimeric PcaMvsss^s^pAsss 
construct was introduced into wild-type plants. The number of 
independent transgenic plants is given in parentheses. GUS 
activities (pmoi 4-MU min" 1 mg" 1 protein) were measured 
6weeks after appearance of roots in tissue culture, n.d. not 
determined. 

Table3. Comparison of the stability of expression of P Tb * and 

Ptop10 

Promoter Plant 1 year ft ft ft 



"ToptO 



3 


92521 1142 


16222 ±1049 


n.d. 


9 


8900 ± 162 


26694 ± 3330 


35990 ± 2224 


13 


6789 ± 356 


17126 ±1731 


29472 ± 3536 


5 


1364 ±331 


4714±432 


4778 ±667 


17 


6±4 


186 ± 29 


1232 ±269 


18 


10 ±4 


2944 ±311 


8780 ±495 



Three highly expressing plants of each construct were analysed 
after 1 year's cultivation in tissue culture (three independent 
assays from one individual plant). Three batches of 10 ft and 10 
F 2 seedlings (2-week-old) were analysed in order to monitor 
GUS expression in subsequent generations. 

avoiding CG or CxG sequences which can be targets for 
methylation-related silencing events (Ingelbrecht etal, 
19941. In P Top1 r> a CxG sequence is encoded by each tet 
operator. The C of this potential methylation site encodes 
the central bp of the fef operator and does not contribute 
to TetR binding (Hillen and Berens, 1994). It is changed into 
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an A in P Ta x. As the ret operator-encoding oligonucleotides 
in Pjopto were multimerized using TCGA protruding ends 
(Gossen and Bujard, 1992), a CG motif was found in seven 
positions in P Top io, a feature that is also avoided in P T8 x. 
P Tax , which contains four tet operators upstream of the -48 
region of P CaM v35S, is schematically shown in Figure 4. Its 
sequence is documented in Experimental procedures. 

In order to compare background levels of Pjax and Ptq P io 
in the absence of a transcriptional activator, both promo- 
ters were transformed into tobacco (Nicotiana tabacum 
W38) using gusfmt as a reporter gene. Analysis of 27 
P To9 ^gusfmt transformants confirmed that the activity of 
P Topl0 is indistinguishable from the activity of untrans- 
formed control plants (Table 2; Weinmann etal, 1994). 
Analysis of 13 P l0 *:gus/int transformants revealed a 
twofold higher GUS activity in these plants as compared 
to untransformed control plants or P Top w:gus/int transfor- 
mants. 

In order to compare expression levels of both promoters 
in the activated state, Py aK :gus/int and Pjapio^^/inf 
chimeric genes were introduced into transgenic plants 
expressing tTA (TGV-expressing plants were not yet 
available at that time point). In the presence of the 
activator, P Tax yielded seven- to eightfold higher expres- 
sion levels as compared to P Top io thus reaching expression 
levels similar to PcaMvass (Table 2). RNA analysis con- 
firmed that the expression of P Ta x is reduced to levels 
measured in the absence of the activator when leaves are 
infiltrated with tc (data not shown). 

As shown in Table 3, expression levels of P T ax stayed 
constant at least through the ft generation. Thus, P Ta x 
provides an alternative target promoter for either tTA or 
TGV that yields higher and more reliable expression levels 
than P Top io- In this analysis, P ToP io showed again a 
somewhat unreliable expression pattern, with two out of 
three primary transformants turning off transcription after 
1 year in tissue culture. However, in the ft and ft 
generation this effect was reversed. The latter results 
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contrast with earlier results which indicated that expres- 
sion levels were not rescued in the following generations. 
However, in those experiments activator and target genes 
were located on the same T-DNA, whereas in this work 
both constructs were introduced using" two consecutive 
transformations. 

Discussion 

We have constructed a chimeric transcriptional activator 
that allows for the induced expression of a transgene for a 
very well-defined time span. Induction of the target 
promoter with dx leads to maximal RNA levels after 3h 
in 20 cm tall tobacco plants. This response can be 
specifically abrogated within only 6h after addition of tc. 
Alternatively, tc application to one single leaf allows for 
locally turning off transcription if this is required. This on/ 
off switch is realised by combining three domains of 
proteins distant in evolution: the E. coli TetR moiety 
mediates tc-dependent DNA-binding to a specific target 
promoter, the rat GR HBD mediates dx dependence of the 
activation function, which is realised by the viral VP16 
activation domain. The dual regulation is a feature that has 
not been provided by other regulated plant gene expres- 
sion systems, where the off-kinetics depends both on the 
half-life of the drug as well as on the duration of the 
inducer treatment. For instance, if dx is given once to 
young plants for 24 h, mRNA levels decline within 2 days 
after omission of the drug (Aoyama and Chua, 1997). 
However, if plants are treated for 14 days with dx, a dx- 
responsive promoter stays activated for at least a further 6 
weeks (this work), presumably because of the accumula- 
tion of the drug. In this situation, tc allows efficient shut 
down of the promoter within 6h. 

We have first characterised the potential usefulness of 
TGV using P ToP io as a target promoter. This promoter 
consists of seven operators localized upstream of a TATA- 
box and has been characterized before in combination 
with tTA (Weinmann era/., 1994). When TGV was used in 
combination with P Top10 , no background activity was 
detectable using GUS activity as a reporter system, 
indicating that inactivation of the transcriptional activator 
by GR HBD is very efficient (Tablet). Induced levels 
reached 15-20% of PcaMvass, a value also reached in 
combination with tTA. Thus the activation potential is not 
diminished by the addition of GR HBD. An induction factor 
being defined as 'induced GUS activity' divided by 
'uninduced GUS activity' minus 'GUS activity of untrans- 
formed control plants', cannot be given as the denomi- 
nator is too close to zero to allow an accurate calculation. If 
background levels of untransformed plants are not sub- 
tracted, the 'induction factor' ranges between 150 and 520 
(Table 1). X-Gluc staining of leaves and roots indicated that 
induction was homogeneous. When measuring GUS 



enzyme activity in upper, middle and lower leaves, no 
indication of preferential transport of dx to either sink or 
source leaves was obtained, at least from day 4 of dx 
treatment on (data not shown). However, no induction was 
observed in flowers, the reasons of which have not yet 
been elucidated. Tc abrogates induction down to unde- 
tectable Gus mRNA levels' throughout the plant.. Painting 
of a single leaf with tc led ;o a locally restricted down- 
regulation of the reporter gene which did not affect dx- 
inducible gene expression in the remainder of the plants. 
Down-regulation was not as stringent as in hydroponic 
culture, which is most probably due to less efficient tc 
uptake under these conditions. 

Ptopio has been reported to be prone to silencing, at 
least when combined with tTA. The same problem 
occurred in this work using TGV. This prompted us to 
construct a second target promoter (P TaK ). In contrast to 
p Topl0r p Tax contains no potential methylation sites and a 
-48 region that differs only in three bps from the respective 
region of Pcmws- P ToP io and P Ta * were directly compared 
by transforming them into wild-type and tTA-expressing 
plants. At that point, TGV-expressing master plants were 
not yet available. In the presence of tTA, P Tax yielded 
seven- to eightfold higher GUS activities as compared to 
P Top io- its strength is in the same order of magnitude as 
that of P C aMV35s (Table 2). yielding 1700-fold higher 
expression levels as compared to levels obtained with 
p Tax in the absence of an activator. This background 
activity was twofold over background GUS activity of 
untransformed control plants. 

The activities of P Tax stayed constant for at least 1 
year in the F Q generation and remained stable in the 
next two generations (Table 3). P Top io was silenced as 
primary transformants aged, but the activity was 
restored in subsequent generations (Table 3). These data 
are in contrast to data that P Top io activity cannot be 
rescued after meiosis (Weinmann era/., 1994). The 
difference between the two constructs is that, in this 
study, the activator was not localized on the same T- 
DNA as the target promoter. We do not know yet 
whether P Ta x would be affected if localized on the same 
T-DNA as tTA or TGV. Thus, we would recommend at 
this point to use a master plant overexpressing one of 
these activators for a second transformation with the 
target construct. As TGV mediates in combination with 
Ptqpio tne same expression levels as tTA, we think it 
likely that it does so in combination with P Ta x. Analysis 
to prove this is under way in our laboratory. We are 
also presently constructing new target promoters, aim- 
ing at an optimal promoter that yields background 
activities close to zero while maintaining high induci- 
bility and stability of expression. 

Western and Northern blot analysis revealed that the 
chimeric tgv gene was transcriptionally active in the F y 
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generation (Figure 3). The relative abundance of TGV with 
respect to TetR was the same as in primary transformants 
(data not shown). In contrast, tTA was not detectable in 
this assay, raising the question whether tTA is less stable 
or more toxic than TGV. To clarify this, we performed 
Northern blot analysjs (Figure 3b). As observed previously 
(Weinmarrn etal, 1994), mRNA levels of activator plants 
were tower than those of TetR plants, supporting the 
notion of selection against highly expressing tTA and TGV 
transformants. TGV mRNA levels were lower than tTA 
mRNA levels, although TGV, but not tTA, was detectable at 
the protein level. This observation argues for a higher 
stability of TGV as compared to tTA. In addition, selection 
against plants expressing high tTA mRNA levels suggests 
that even low levels of tTA might be toxic, while detectable 
TGV levels can be tolerated by tobacco plants. This raised 
the question of whether TGV might elicit toxic effects after 
dissociation from inhibitory proteins after dx treatment 

Therefore, we performed toxicity studies with TGV- 
expressing plants in the presence and absence of dx. We 
characterised phenotype, effect on photosystem II and 
induction of transcription of glutathione S-transferase 
(GST) of wild-type plants and TGV-expressing plants after 
treatment with dx. Both processes were unaffected 
arguing for no severe toxicity of either TGV or dx. We 
also included tc treatment in this study. The phenotype of 
the green parts of the plants was not affected. However, tc 
caused a significant reduction in root growth, as described 
previously for tomato (Corlett etal, 1996). Furthermore, 
photosynthetic efficiency as determined by measuring the 
FJFrry ratio of chl a fluorescence was reduced by 5-15% 
upon tc treatment. Chlor-tc is more favorable, causing 
reductions by 3.7-8.6% which may be regarded as a 
tolerable range for many studies under controlled growth 
conditions. The root phenotype was also less affected. 
Transcription of GNT35, encoding a GST that is activated 
by xenobiotics (van der Zaal et al, 1996), was not induced 
by either of these treatments. In conclusion, dx treatment 
of TGV-expressing plants did not elicit any adverse effects, 
whereas tc treatment is more critical. 

The construction of TGV and P Tox will extend the 
spectrum of useful tools for the regulated expression of 
transgenes. We have discussed this system predominantly 
with regard to tc- and dx-dependent expression systems 
established before because of the use of the same 
regulatory modules, tn addition, regulated expression 
systems responding to Cu (Mett era/., 1993), ethanol 
(Caddick etal., 1998) and the agrochemical RH 5992 (I. 
Jepson, personal communication) are available. The TGV- 
based system adds a novel tool. It has the unique property 
of being inducible and de-activatable by subsequent 
addition of the effectors dx and tc, thus allowing the 
regulation of transcription within a well-defined time 
window. 



Experimental procedures 

DNA constructs 

Standard procedures were used for recombinant DNA analysis 
(Sambrook etal, 1989). Plasmids derived from B1N19 {Bevan f 
1984) or BIB (Becker, 1990} were used as vectors for plant 
transformations. The TGWcocjing region was. constructed by 
cutting' pHCA/GAL4(1-93).GRA/P16 (Picard et al., 1990') with 
AsplW and"flamHI. The resulting 1055 bp fragment encoding 
GR (aa 512-794} and VP16 (aa 363-490) was cloneojnto pTetVP16 
(Weinmann etal, 1994} cut with Sp/I and BamH\ to yield pTGV*. 
Thus, the VP16 portion of tTA was exchanged by the GR HBD- 
VP16 fusion of GAL4.GR.VP16. The reporter construct {P^^gus/ 
/nfrpAass) was excised as a H/ndlll fragment from pTetVP16Top10 
(Weinmann etal. t 1994) and cloned into pTGV\ partially digested 
with HMWl Plasmid pTGV*Top10 contains both genes in a tail- 
to-tail orientation (Figure 1). Two complementary oligonucleo- 
tides encoding the NLS {TCGAACTAGGCCTGAAAAGAAGAGAG- 
CTAGATTGGTTAGGAATAGGGAAAGTGCTCAACTGTCAAGGCA- 
AAGAAAGAAGCTCGAGT and TCGACTCGAGCTTCTTTCTTTG- 
CCTTGACAGTTGAGCACTTTCCCTATTCCTAACCAATCTAGCTCT- 
CTTCTTTTCAGGCCTAG) of TGAlb Ivan der Krol etal, 1991) with 
Sal\ overhanging ends were synthesized and cloned into 
pTGV*Top10 cut with Sad, yielding pTGVToplO. The introduced 
aa acid sequence is TPEKKRARLVRNRESAQLSRQRKKLEST. 

Pta* was constructed by using a set of complementary 
oligonucleotides. First, the -48/+1 region of the CaMV 35S 
promoter was synthesised using oligonucleotides with Spe\ 
overhanging ends at the 5'-end and Sgfll overhanging ends at 
the 3'-end. After annealing, the oligonucleotides were cloned 5' to 
the gus/int gene (Vancanneyt etal, 1990). Oligonucleotides 
encoding the fer operator sequence were synthesized with Spel 
overhanging ends. After annealing and ligation, the reaction 
products were separated on a 5% polyacrylamide gel, eluted and 
cloned into the Spel site upstream of the promoter core region. 
The sequence of P Ta x, which was constructed by using synthetic 
oligonucleotides, is: G AATTCG AG CTC G G TAC AACTC CC ACTAG - 
ArATATCCT ACTCTATCATTGATAGAGT GACCCTTCCATAGACA- 
TATCCT ACTCTATCATTGATAGAGT GACCCTTCCACTAGTTCTAG- 
ACATATCCT ACTCTATCATTGATAGAGT GACCCTTCCATAGACAT- 
ATrr TACTCTATCATTGATAGAGT GACCCTTCCACTAGTTC7"AGT- 
CTTAGCAAGGCCT7TCCTCIMMMGGMGTTCATTTCATTTG- 
GAGAAGATOCCCGGG. Sequences of tet operators and the 
j AT A- box are underlined. The CTAG and GATC sequence 
marking the overhanging ends of the first pair of oligonucleotides 
encoding the CaMV 35S sequences are in italics. Both reporter 
constructs {P lop ^9^/int.pA 35S and Pj^gus/inlpA^s) were 
cloned into BIB which confers hygromycin resistance (Becker, 
1990). The Pc.MV35s:0u»ftttpA3Bs construct is described by 
Vancanneyt etal. (1990). 



Plant transformation, growth conditions and sampling 
routine 

Binary vectors were introduced into Agrobacterium tumefaciens 
strain C58C1 containing pGV 2260 (Deblaere etal, 1985). Leaf 
disks of Nicotiana tabacum SR1, W38 or SNN were transformed 
and regenerated as described by Rosahl etal (1987), Plants in 
tissue culture were grown under a 16 h light/8 h dark regime at 
28°C on Murashige and Skoog medium (Duchefa) containing 2% 
sucrose (2MS) and 8g l~ l agar. For hydroponic growth, the 
nutrient medium contained 2mM Ca{N0 3 ) 2 , 2mM MgCI 2 , 3mM 
KN0 3 , ImM MgSO„, 0.5 mM KH 2 PO*, 0.5 mM Na 2 -Fe-EDTA, and 
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trace elements as described by Randall and Bourma (1973). Plants 
grown in tissue culture were adapted to hydroponic growth in the 
greenhouse or in the growth chamber (16 h light/8 h dark/26°C) for 
at least 1 week. In a typical experiment plants were 20 cm tall and 
did not possess more than 10 leaves. When not otherwise stated, 
leaf pieces of 1 .2 cm in diameter were punched out from an upper, 
a middle and a lower leaf after chemical induction and combined 
for 'further analysis. . . 



Application of dx and tc 

Dx (Fluka) was dissolved in DMSO at 360 mM before use and 
diluted to 30 um in 2MS or in hydroponic growth nutrient solution. 
The same volume of DMSO was added to the growth medium of 
control plants. Tc, chlor-tc and anhydro-tc were dissolved in water 
(10 m r\ 10 m T 1 and 1 m \'\ respectively) and either added to the 
2MS medium or the hydroponic buffer at a concentration of 1 mg 
l~\ 1 mg T 1 and 4mg l~\ respectively. Every 3 days (dx) or every 
other day (tc derivatives) the hydroponic solution was exchanged. 
Stocks of tc derivatives should be freshly prepared each time. 
When painted directly on leaves, tc was used at a concentration of 
10 mg I -1 in 0.02% Silwet L77 (Lehle Seeds) and applied every day 
on both sides of selected leaves using a bristle paintbrush. 



Assays for GUS activity (Jefferson, 1987) 

For the fluorometric GUS assay, leaf pieces of 1.2cm in diameter 
were punched out, homogenized and incubated with the sub- 
strate 4-methylumbelliferyl-p-gl.ucoronide at 37°C. Quantification 
of the fluorescence was undertaken using a CytoFluorll plate 
reader (PerSeptive). Staining of explants with 1 mM X-Gluc (5- 
bromo-4-chloro-3-indolyl-p-D-glucuronic acid cyclohexylammo- 
nium) was carried out overnight at 37°C. 



Western blot analysis 

Total plant extracts were prepared according to Gatz era/. (1991) 
and separated on a 12.5% SDS-PAGE {Laemmli, 1970). After 
blotting onto PVDF membranes (Millipore) for 45 min at 140 mA, 
filters were washed three times for 15min/RT with PBS-T (PBS: 
58 mw Na 2 HP0 4 , 17 mM NaH 2 P0 4 , 68 mM NaCI, 0.1% v/vTweenh 
non-specific binding sites were saturated with 3% milk powder in 
PBS-T for 1 h at RT (blocking buffer). The serum directed against 
TetR (purified against E. coli extracts; Pierce) was diluted in 
1 : 1000 in PBS-T with 0.3% milk powder and incubated with the 
filters for 1 h/RT. After incubation with the primary antibody, 
filters were washed three times for 15 min in PBS-T with 0.3% milk 
powder at RT. Incubation with the secondary antibody was done 
for 15 min with anti-rabbit Ig alkaline phosphatase conjugate 
(Biorad) at 1 : 15000 in PBS-T milk powder, 0.3%. After washing 
three times for 15 min at RT in PBS-T, blots were equilibrated in 
AP-buffer (100 mM Tris, pH8,9, 100 mM NaCI, 5mM MgCI 2 ). Blots 
were developed with 165ug ml' 1 5-bromo-4-chloro-3-indolyl 
phosphate and 82.5 ug ml -1 nitroblue tetrazolium. The reaction 
was stopped with 0.5 mM EDTA, 20 mM Tris, pH7.5. 



Northern blot analysis 

Total RNA from leaves was prepared using the Quiagen RNeasy 
Plant Mini Kit following the manufacturer's instructions. Blotting 
was done onto Nytran membranes (Schleicher and Schuell). 
Probes were labelled using the MultiPrime Kit from Amersham. 



Membranes were pre-hybridized for 30 min at 42°C in a buffer 
containing 50% formamide, 10% (w/v) dextran sulfate (Roth), 10% 
SDS, 1 M NaCI and 50 mM sodium phosphate pH7.0. Hybridization 
was carried out overnight at 42°C in the same buffer after adding 
the probe and herring sperm DNA (O.lmgmr 1 ). Figures were 
exposed to Cronex 4 X-Ray films (Sterling). 

PAM fluorometer studies • ' ■ 

The ratio of variable to maximum chl a fluorescence {FJF m ) was 
recorded with a PAM 101 fluorometer (Walz, Effeltrich) following 
10 min dark adaptation and served as a measure of photosyn- 
thetic efficiency (Krause and Wets, 1991). 
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SUMMARY 

In order to evaluate the efficiency of the ; U feline- 
regulated gene expression system ,n ?™°P hl £™Xl 
generated transgenic lines expressing • JJ^gJJ. 
Controlled transactivator protein (tTA), with . s P«« nc 
cxnression patterns during embryonic and larval 
deSment These lines were used to direct expression of 
f ^Sonsive promoter fused to the coding region of 
eithVr fte P-galactosidase or the homeotic protein 
Antennapedia P 8 (ANTP), under various cond-hons of 
tejrawline treatment. We found that expression of £ 
XTos dase can be efficiently inhibited in embryos ; and 
faVvae with tetracycline provided in the food, and that a 
simnle removal of the larvae from tetracycline exposure 
r3te tafce induction of the enzyme in a time- and 
oncent "tion-dependent manner. Similar treatments can 



f *u» iPthalitv associated with the ectopic 
ZtS.h«timu.g of expression or IhehomeoproremANTP 

^nprificallv in the antennal imagmal disc. 

3£3S£S5*£ps 

method using the yeast transcnption factor GAL4. 

Key words: Tetracycline. Gene egression. D,r,so,,l,ila, 
Anlennapedia 



INTRODUCTION 

An essential and general experimental approach , tc . analyse the 
function of a gene in a whole organism is to examine the 
phe^ypic consequences of its directed express.; i m ce- a 
cells or at a developmental stage, in which the e ene » 
normal silent. In Dwsophiku two major systems have been 
Sned to achieve the conditional ^^J^ 
constructs integrated into the genome. In the firs , the cot. n 
sLuence of thf gene of interest is placed under the control o 
pXoters nducible according to the culture condmons. The 
S gene promoter is commonly use ^ that purpose see 
Schneuwly et al., 1987 and references therein). H.gh levels of 
fndu C rn can be obtained at well-defined time penods during 
devdopLnt upon exposure of the organ » ^ 
temperatures. This advantage ts often hmtted because ectop c 
exZssion occurs in all cells and endogenous genes are 

S£5 heat ^ c r sequc r ,y of t: S 

e^on^M 

neSssa y to repeat heat shocks over an extended time period 
SSSiSe phenocypic consequences, and J™^^ 
,o distinguish between the primary and secondary effects of the 
overexpression (e.g. Gibson and Gehnng, 1988). 



u \c tn ^noineer a aene construct 
An aliernatve approach is to engine. ^ a 

pis s» z e -"o - * ^ ™ te ^ 

expressina the transcription factor undei ™e con ™ _ °\ 
sSe promoter. Although a large number of stains 
«oressino GAL4 in a wide variety of patterns can be selec tea 
SSSu ^ expression of a reporter ?ne bearing , rj 

stages of ^^"^^S^SJS « al! 1994; 
and Guerrero, 1994, Huu el ^ ^ H alder et al., 

19%). The limit in this binary system lies in the lack 
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temporal control, which remains primarily determined by the 
regulatory sequences driving GALA Because most ol the gene- 
pacific enhancers are active at various stages ot development 
to Drosophihu GAL4-mediated induction is frequently 
observed from the embryonic stage onwards, and often results 
ooi»civ t u unirferefil 1995). To overcome 

in premature lethality (e.g. Haicier ei ai.. i >>. >■ 

this difficult* Flp-medialed recombi nation has been used to 
achieve conditional expression of a transgene upon 
recombination of an FRT cassette separating the coding region 
from a promoter (Struhl and Basler, 1993). This approach can 
te used to control the expression of GAL4 (Pignon. and 
Zinursky, 1997). In any case it requires the combination ot 
various specific constructs and it can be applied only to tissues 
in which cell division occurs, since it results in the generation 
of clones of expressing cells. 

Extension of the more versatile binary system for post- 
embryonic studies could be achieved with .he use ol a 
regulatory protein modulated in the organism with tin 
innocuous effector. One of the best candidates is he 
tetracycline-dependent transactivator {tTA) comprising the 
tetracycline repressor of E. coli (te,R) and the strong 
transcriptional activation domain of the herpes simplex virus 
protein VP16 (Gossen and Bujard, 1992). The h.gh atl.nity and 
specific binding of tetR to the tetracycline operato. sequences 
(tcrO) can be inhibited by tetracycline (Hillcn and Wissmann, 
1989) and is thought to result from a conformational change 
of tetR upon association with tetracycline (Hinrichs et al., 
1994) In HeLa cells. iTA was found to stimulate transcription 
of „ promoter bearing a mulumerized ,c,0 by several orders ol 
maenitude, and a fast and reversible switch ot the in- 
dependent promoter was obtained upon addition or removal ol 
tetracycline from the culture medium (Gossen and Bujard. 
1997) These features have been extensively exploited in tissue 
culture where tetracycline levels can be tightly controlled. 
Tctracycline-regulated expression of reporter genes was also 
demonstrated in whole plants (Weinmann et al.. 1994) and n 
transgenic mice (Hennighausen ct al.. 1995: K.stner ct al., 
1996) In the latter case, the efficiency ol tetracycline, 
administrated by slow-release tetracycline pellets or in 
drinking water, has been mostly evaluated by analysing the 
expression of sensitive reporter genes, although a lew examples 
of successful expression of proteins have been reported (see 
Shockett and Schatz, 1996 for a review). 

In this study we determined the functional properties ot tTA 
in Dmsophila by expressing this regulatory protein under the 
control of various promoters. Using a lacZ reporter gene placed 
under the control of a promoter bearing seven copies ot tetO, 
wc found that expression of (3-galactosidase can be tightly 
controlled in embryos and larval tissues. Furthermore, we used 
rTA-expressing strains and tetracycline treatments to drive 
tissue-specific ectopic expression of the homeoprotem 
Anlennapedia (Antp) at different stages of development. Our 
results demonstrate the usefulness of the let system in 
Drosophila. 

MATERIALS AND METHODS 
DNA constructs 

Most of the constructs were assembled by multiple step cloning 



accordine to standard methods (Sambrook el al.. 1989). Further details 
and maps are available upon request. 

tTA driver constructs 

hsp70-tTA ' 

The ITA codinu region was isolaied as a I.I kb &v>RI-fl«*.Hl 
fragment from pUHD 1 5- 1 .Gossen and Bujard. 1992) and cloned ,nto 
CuSpeR-hs (Tluiintncl ami PirnMia. I l ' l >2i 

RHT (rosy, hsp70 promoter, tTA) 

This P element vector derives from the enhance, -tes. : vector HZ50PL 
(Hitomi et al.. 1985). The iTA coding region is flanked by the minimal 
promoter and the pnly(A) sequences of /..v/>70 (Fig. I A). 

ey-tTA and HoxA7-tTA 

The „W«.v (ev) gene enhancer (a 3.5 kb *H fragment from ^Eco 
3 6) (B. Hanck. T. Eggen. W. J. Gchnng and (1 Walldorf, . 
unpublished) and a 630 bp fragment of the .ntron of the HoxA7 gene 
TZ P B6 (Haerry and Gehring. 1996) were cloned .n RHT to give 
ey-lTA and HoxA7-iTA. respectively. 

Tetracycline-responder constructs 

tetO-lacZ 

The hepiameric repeat of the let operator was .solai^as a 3I0bp 
FcoR\ Km,\ fragment from pUHC 13-3 (Gossen and Bujard. 1992) 
a. c oned upstream of the P-/«cZ fusion of .he enhancer-test vector 
C.PLZ (Wharton and Crews. .993). CPLZ contains the Piemen 
transposase promoter (up to -42 from the cap site and .he N-tcrrnma 
transposase sequence fused in-frame with UuZ and the 
polyadenyiatioit signal of hsp70. 

WTP (white-te/O-P promoter) 

This P-elemcnl v ector was constructed to express any gene under the 
« ro. of a .etracvclinc-responsive promoter. I, contains the vector 
backbone of CPLZ. the hepiameric repeat ol die te, opjjw. to £ 
element promoter and leader sequences from Carnegie 4 (Rubm and 
Spradling. I9K3) and the polyadenylation signal ol SV41). 

tetO-Antp and tetO-AntplHD 

The cDNAs encoding a full-length ANTP protein or a variant with a 
Union of the homixkmurin were isolated as M» l^n*js from 
pHSSAA and pNHT-All. respectively (Gibson el al.. 1990) and 
cloned into the corresponding site ot W1P. 

Germline transformation and Drosophila strains 

P-elemen. mediated transformation of rr™ or y «c recjpjem 
strains was carried out essentially as described (Spradling 986). A 
description of the markers and balancer chromosomes 
Figs 3 and 4 can be found in Lindsley and Z.mm ( 996) A405 .1 M. 
and rK78l have been described (Wagner-Bernholz et al.. 1WL 
Flister. 1991). 

Tetracycline media and treatments 

A tetracvcline-containing medium suitable for larval feeding and 
ma «e adults was obtained by mixing 100 m. ol tetracycline 
solution (tetracycline hydrochloride (Sigma) diluted with sterile waw 
a. the required concentration,. 25 g of Instant Drosophila Food 
(Carolina Biological Supply) and 1 g of dry yeast. 

Tetracycline was provided to adult females by plac.ng 50-70 virgm* 
in a 2 vial containing a 2.5 cm filter (Whatman grade 3 MM 
sotked with 500 ul of a 4<> sucrose solution w.th tetracycline at the 
I^a?-Lon. Females were fed for 3-4 days. following a 
cycle of 16 hours on tetracyclmc-conta.nmg filters and 4 hours on 
standard food supplemented with a drop of yeast paste. Males ot he 
Xam ..enotvpe were placed with females on tetracycline : and 
owed to mate overnight 'before the beginning of egg col.ect.ons. Tor 



5* -lyccfol. collected with lorccps. washed with PBS and 
iransfencd on standard food in group* of 50 to 100. 

Phenotypic analyses 

r . , ,™. iMrv-il tissues were lixod and stained lor 5-iiakicioMclasL- 

»*»>■ h - ds r re £Td 

£dy of narcotised flies and holes were made .mo the cut.de to 
facilitate peneiration of the fixative. For 
antibody staining of embryos and 
examination of cuticular phenotypes 
standard procedures were applied 
(Ashburner. 1989). 
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heat-shocked embryos and probed with an ANTP-specific 
monoclonal antibody (Condie et al 1991) reveals similar 
levels of ANTP expression (Fig. 1C). In addition, 
transformation of the adult antenna into a mesothoracic leg 
can be obtained when heat shocks are appl.cd to third msia. 
larvae (Gibson and Gchring, 1988: D. Rcsendcz-Perez, B. 
Bella and W. J. Gchring. unpublished). Taken together, these 
Ll.s show .ha. ,TA can activate transcription o. a pn jjer 
that contains ,c,0 sequences without any toxic ellect ol this 
regulatory protein in Drosvphiki. 
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RESULTS 

We have designed a general system 
to express tTA under the control of 
regulatory sequences (RHT driver 
construct), in order to direct the 
expression of a gene of interest under 
the regulation of a tetracycline- 
responsive promoter (WTP 
responder construct). The gene 
constructs can be stably propagated 
into the genome of separate strains, 
and tTA -dependent gene induction is 
obtained in the Fi offspring of the 
cross where it can be controlled by 
tetracycline (Fig. 1 A). 

tTA is a potent transactivator 
in Drosophila 

In order to analyse the 
transactivation potential of tTA, we 
have used an indirect heat shock 
assay to drive ubiquitous expression 
of Antp in embryos. Heal shock 
assays were performed on embryos 
carrying tTA under the control of the 
hsplO gene promoter (hsp70-tTA) 
and a WTP derivative carrying a full- 
length Antp cDNA (WtO-Antp). 
Independent transformants were 
found to give an identical embryonic 
phenotype to the H4 line that carries 
a direct h$p70-Antp construct (Fig, 
IB; see also Gibson and Gehring, 
1988 for a complete description of 
the H4 line). In contrast, heat- 
shocked embryos carrying a WTP 
derivative with a deletion of the 
homeodomain (tetO-AniptWD) ™ 
the empty WTP vector {tetO-) 
showed a wild-type cuticle and 
developed to the adult stage (Fig- IB 
and data not shown). A western blot 
of embryonic extracts prepared from 



RHT 

(driver) 

WTP 

(responder) 



(tTA) 



n 




tctO 



SV40 A n 



-Tc 




B 



hsp70-Anlp (H4 line) 



hKp70-t*l"A 
+ 

tclO*An(pAlU> 




tisp70-tTA 
IctO-Anip 



12 3 4 




,4-ANTP 



- ANTP AH t) 



representation of the teiracychne-mdue.hlc system in Dn '• ™ enhanccr . like elements and 
and WTP are. respectively, designed to express ,TA under the tomiol « , Derive d 

any cDNA under the regulation of a ,W-respons,vc promoter ih. t c ontaui* ,nu*q , ine 
onstructs are integrated and propagated in two £ ,J Sd Temporal 

C-Tc). the binding of ,TA results in the oct.vai.<m of gene ^ jj^^j;,,,, a tetracycline- 
pecifici.ies determined by the dnver construct <™*™>-^\™£X ^ponder construct 
containing medium is used to prevem the bmding of rTA m o rd J ^ , ime . specinc 

silent up to a certain point of time (o I stale). Stopp mg « "SaSanrtions of embryos heat 
induction of gene X upon withdrawal of the an.ib.otK. (B Cuucu U prepara 
.hocked for 30 minutes at 6.5 hours o ^^^.^^J^^ph-AiS^ hs P 70- 
constructs indicated al the top. Note the s.m.lar de ec " J wUd-rype cuticle of hs,,70- 

,TA: tetO-Anip. and the Tl to T2 transformation when con.par ed » ffie_ wua ty P 
,TA; tetO-Aiilp&HD embryos. The identical sc^ma. 

disappearance of the charactensttc ^lebehj ^^3 so transformed towards T2. 
indicating a transformation ol Tl towards T_. The hcao > ^ Detection of the ANTP 

Tl , T2, T3: first, second and third thorac.c for 2 hours with a 4 

proteins by western blot analysis in crude ex.njc.s o hea « jgjW 70 . tTA and 

Anfp (lanes 4-6). 
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Tetracycline-controlled expression of /acZduring 
S^ZSKS W — e„U we .sene, 

the eye-specific enhancer of ihe <rv gene (Quiring ct al.. 1994) 
into the vector RHT and generated ey-tTA 
transformants. The express.on of tTA was 
detected specifically in the eye imagina disc 
by means of a lacZ reporter gene placed 
under the control of a promoter bearing ; tetO 
sequences (Fig. 2). Detection of £ 
calactosidase activity in the eye disc of the 
larvae reveals two essential features First, 
enzymatic activity is detectable within less 
than 15 minutes of incubation with X-gal 
revealing a high level of expression ot tTA. 
Second, this activity is detected in the eye 
disc over an extended period of development 
with a dynamic pattern (Fig. 2 A, top row). In 
the early third instar, expression is detected 
uniformly in the eye part of the eye-aniennal 
disc (left panel), which corresponds to the 
undifferentiated cells of the eye epithelium 
(Ready et al., 1976). The same pattern was 
observed in second instar larvae (not shown). 
Eve discs stained at different times during 
the third instar show that (J-galactosidase 
activity gradually fades in the anterior region 
of the disc as the morphogenetic furrow 

moves anteriorly. 

To determine whether tetracycline 
incorporated in the larva) food could 
inactivate tTA, we stained early third instar 
larvae raised on media containing increasing 
concentrations of the antibiotic (Fig. 2A, 
time 0). No activity could be detected in the 
eye-disc of larvae exposed to as little as 0 1 
ug/ml even after prolonged staining 24 
hours) in X-gal solution (Fig. 2 A left 
column) Lower concentrations failed to 
inactivate lacZ expression (not shown). The 
results indicate an efficient uptake or 
tetracycline from the food and its diffusion 
to the imaginal discs, leading to a complete 
inactivation of tTA in a concentration- 
dependent manner. The same dose-response 
was obtained for larvae exposed to 
tetracycline for approximately 2 more days, 
suggesting that the concentration of 
tetracycline in the larval haemolymph does 
not change dramatically during the feeding 
period (not shown). In contrast, stopping the 
larval exposure to tetracycline was expected 
to decrease the level in the haemolymph and 
to restore the ability of tTA to bind and 
transactivate the lacZ reporter gene. To lest 
this hypothesis, early third instar larvae were 
transferred to standard food, fixed and 
stained every 6 hours for p-gal activity (Fig. 
?A) Enzymatic activity was delected 6 hours 
after the. removal of the larvae from the 
medium containing 0.1 Ug/ml tetracycline 



(Fi° 2A. second row from the top) or in a range of 18 to 24 
hours when the larvae were exposed to 1 ug/ml or 10 Ug/ml 
Sycline respectively (Fig. 2A. third and fourth row from 
Sp). After induction 12-24 hours were necessary to obtain 

Time (hours) after larval shifty* 




Fie . 2. Tetracycline coniro.led expression of %*£S? *" 

eitTA strain. (A) Larvae of .he genotype ' e ^^ + u " dard food at the early 
presence of increasing concentration of letra ^ l ^^£S in hours at the top 
third instar and dissected at different umes f^^^^ c removed from 
right of every figure. (B) Tempera f^^SS^Lng number of cel.s 
0.1 Ug/ml tetracycline during the late tinra msiar. 
expressing locZ. 
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a comparable staining intensity in imaginal discs isolated from 
larvae exposed to tetracycline and control larvae: These data 
show that the withdrawal of the larvae from tetracycline is 



Fig. 3. Induction of Antennapedia in the eye imaginal disc by means 
of tetracycline. (Top) Eyes of adult flies raised in absence (-Tc) or in 
the presence of 0. 1 ug/ml tetracycline (Tc) in the larva! food, 
f Bottom) Semi-quantification of the eye phenotype in adults derived 
from larvae raised with 0.1 ug/ml tetracycline and shifted to standard 
food m 12 hour intervals. At least 50 adults were scored al every time 
point. Larval stages were identified on the basis of the morphology ot 
i radical >>Mcni and the ;inierior .spiracles. . 



followed by a rapid induction of the tetOAacZ transgene under 
the control of tTA. The concentration- and time-dependent 
expression of lacZ is likely to reflect the need to lower the 
concentration of tetracycline in the disc cells below a certain 
threshold level, which allows tTA to bind the tet operator and 
to stimulate transcription of the promoter. A careful 
examination of the staining patterns also suggested that the 
rerO-facZtranseene was not-turned on in every cell at the same 
time after withdrawal of tetracycline (Fig. 2 A). To confirm this 
observation, we performed larval shifts during the second halt 
of the third instar, when expression of tTA is uniform in the 
posterior part of the eye disc. Upon removal of the larvae from 
0.1 \x«im\ tetracycline, induction of lacZ can clearly be 
observed in a gradually increasing number of cells (Fig. 2B). 
Similar observations were obtained with different tTA- 
expressing strains, suggesting variations in the kinetics of the 
clearanceof the antibiotic and/or the trancriptional activation. 

Tetracycline-controlled expression of Antennapedia 
targeted to the eye disc 

To determine the relevance of the data obtained with the lacZ 
reporter gene we used the same driver strain to direct 
expression of Aiup under various conditions of tetracycline 
treatment. In the absence of tetracycline, adults obtained from 
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Fig. 4. Inhibition of r^A-dependent 
gene expression in embryos by 
maternal transmission of 
tetracycline. (A) Repression of the 
lacZ reporter driven by the 205 
strain, shown at the bottom by 
immunodetection of (J-galactosidase. 
Embryos collected over successive 
12 hour periods following the 
feeding of 205/SM 1 females with 
tetracycline, were stained for P-gal 
activity. At least 100 embryos older 
than the germ band extended stage 
(stage 1 1 ) were scored at every time 
point. 50% of transheterozygotes 
were expected in the offspring of 
the cross indicated at the top. 
(B) Tetracycline-dependent rescue of 
embryonic lethality by repression of 
the tetO-Antp transgene. Embryos 
collected over 12 hour periods after 
feeding of their mothers with 
tetracycline were allowed to develop 
at 25°C and the percentage of 

Note .he failure of head involution marked by .he ope. arrow in embryos expressing An,,, under the control ot the 205 strain. 
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demonstrating the highly specific alterations in the 
development of adult flies following the mis-directed 
expression of Antp by the 205 line. As revealed with the lacZ 
reporter, expression of tTA follows a dynamic spatial pattern in 
the primordia of the antenna from the mid-third instar onwards 
(Fk. 5A-D) and in the presumptive area of the occelli from the 
larval/pupal transition onward (Fig. 5C,D). Moreover, the lag 
in induction imposed by the removal of ihe larvae horn 
tetracycline exposure suggests that the alterations of adult 
structures mostly result from the ectopic expression of Antp 
during the pupal stage. No defects were found in the legs or 
the palps where the 205 driver is also strongly expressed (not 
shown), in agreement with previous observations showing that 
only the derivatives of the eye-antennal disc respond to the 
Ubiquitous expression of Antp induced by heat shock (Gibson 
and Gehring, 1988). These larter studies showed that repeated 
pulses of heat-shock expression are required during the third 
larval instar to achieve complete antenna to leg 
transformations. Our results confirm previous observations 
showing that the late larval induction of Antp does not induce 
fully differentiated morphological markers of the leg (Scanga 
et al., 1 995; Larsen et al., 1996). Although we observe different 
arrangements of bristles on the antenna, none of them showed 
the bracts characteristic for leg bristles. 

Directed expression of Antp in the antennal disc by 
tTA activates rK781 

Since the observation of adult phenotype required late larval 
shifts, we asked whether the consequences of tTA -dependent 
expression of Antp could be directly assayed in the imagina! 
discs. As a marker, we used the enhancer detector line rK78 1, 
which was isolated in a screen for An tp- regulated genes on the 
basis of their response to the overexpression of the ANTP 
homeoprotein in the eye-antennal disc (Wagner-Bernholz et al, 
1991). We combined driver, responder and lest constructs in 
larvae, exposed them to tetracycline treatment, and assayed p- 
galactosidase expression in wandering third instar larvae. 
When raised continuously with 10 |ig/ml tetracycline, the 
normal pattern of rK781 expression was detected in all the 
discs (not shown) and in a few cells of the antennal disc (Fig. 
6, left), as previously described (Wagner-Bernholz et al., 1991 ; 
Bister, 1991). When dissected from larvae that were removed 
from tetracycline exposure, lacZ expression could be 
reproducibly detected in the form of a crescent at the border 
between the arista and the third antennal segment (Fig. 6, 
middle). This area corresponds to the most proximal part of the 
wedge-shaped sector expressing tTA, as visualised with die 
lacZ reporter (Fig. 6, right) and is also the first to express tTA 
during third instar (Fig. 5B). These results show that 
derepression of Antp by removal of tetracycline can be 
demonstrated by the activation of a downstream target gene in 
the antennal disc. These findings indicate that the tetracycline- 
dependent expression system efficiently repressed Antp in 
embryos and allows subsequent derepression in imaginal discs. 

DISCUSSION 

In this study, we report a detailed evaluation of the different 
properties of the tetracycline-dcpendent gene expression 
system in Drosophila. Since its description in transformed 
HeLa cells (Gossen and Bujard, 1992) this regulatory system 
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has been extensively used in cell culture. In higher eucaryotes 
including plants and mouse, tctracycline-controlled activity of 
tTA has been mostly evaluated on reporter genes (see Shockett 
and Schatz, 1 996 for a review), although a few examples of 
successful expression of proteins have been reported (Efrat et 
al/. 1995; Ewald et al., 1996; Mayford et al., 1996; Shockett et 
al., 1995: St-Onge et al, 1996). By using Drosophila lines 
expressing high" lcveU of tTA. we show thai ihe strong 
induction of the lacZ reporter can be efficiently prevented by 
tetracycline in both embryos and imaginal discs. We have 
evaluated the dose-response and defined easy and reliable 
protocols of tetracycline treatment to control the repression of 
the lacZ reporter gene. Furthermore, we also show that this 
system is fully functional to control the spatial and temporal 
expression of the ANTP homeoprotein. The lines ey-tTA and 
205 described in this study show the highest levels of tTA 
among the lines generated to date in the laboratory and we have 
reproducibly obtained repression of gene activity in embryos 
by feeding their mothers with tetracycline in a range from 1 to 
1000 Hg/ml tetracycline, and in larvae, with as little as 0.1 
jig/ml tetracycline. The use of tetracycline is especially 
appropriate to keep the inducible gene promoter silent during 
embryogenesis in order to direct its expression during larval 
development. Tetracycline concentrations ranging from 0.1 to 
10 jig/ml ensure reactivation of the tetracycline-responsive 
promoter within 24 hours after transfer of the larvae to normal 
medium. It is important to point out that the amount of 
tetracycline required to inactivate tTA is both low and non- 
toxic. This is essential to keep the promoter inactive up to a 
desired stage and to ensure its fast activation upon removal 
from tetracycline exposure. We have found that the addition of 
tetracycline to the larval food does not give any toxic effect in 
a range of 0 to 100 Hg/inl, although the development is slowed 
down al concentrations above 1 pg/ml. As shown with theey- 
iTA strain, tetracycline can be used to control the timing ot 
induction at distinct phases of development in order to define 
a phenocritical period. Temporal control of gene expression 
should also be effective during pupal development as a function 
of the concentration of tetracycline provided to the larvae 
before pupation. They can be well synchronised during this 
developmental period and so through a number of well- 
characterised stages (Ashburner. 1989). In combination with 
the use of the lacZ reporter, these features should help in 
determining the time course of induction of any gene driven by 
a rTA-expressing line of interest. 

Our attempts to use the reverse tetracycline-controlled 
transactivator (rtTA. Gossen et al., 1995) have been 
unsuccessful in Drosophila. This transactivator is based on a 
mutagenized version of rTA, which binds the tetO sequences 
only in the presence of specific tetracycline derivatives. It 
corresponds to a 4-amino-acid exchange in tetR, which is 
thought to alter the conformation of the repressor and allows 
its binding to DNA upon association with certain tetracycline 
compounds (Gossen et al., 1995). Since it was originally 
isolated in a genetic screen in bacteria and tested successfully 
in mammalian cells (Gossen et al, 1995) and in transgenic 
mice (Kistner et al, 1 996). rtTA might need a temperature close 
to 37°C to be stable. In contrast. tTA shows a potent activity in 
Drosophila and its negative regulation by tetracycline is not a 
major difficulty, as described above. Furthermore, both the 
repression and the kinetics of gene induction might be 
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Fig. 5. Adult phenotype resulting from the directed 
expression of AniennapecUa by the 205 .strain. 
(A-D) Expression pattern of the 205 strain in the eye- 
nntennul disc visualized by X-gal detection of [}- 
galactosidasc activity encoded by telO-lacZ reporter. Discs 
are oriented with anterior up and dorsal left. (A) Early third 
instar. (B) Mid third instar; expression starts in the 
central most region of the antennal disc (arrow) and the 
presumptive palp region (arrowhead). (C) Late third instar 
larvae: expression has expanded in a wedge-shaped sector 
overlapping the most proximal region of the arista (ar) and 
the three major antennal segments (roman numerals). 
Expression in the lateral occellus (lo) that is not detectable 
in active wandering larvae is also indicated. (D) White 
prcpupae: p-gal activity is detectable in the medium 
occellus (mo). (E-G) Expression of the h\cZ reporter in the 
respective adult structures: the most proximal segments of 
the arista (E), the three antennal segments (F) and the 
occelli (G). (H-J) Normal phenotype of 205/+; tetO-Antp/+ 
adults raised continuously with 10 ug/ml tetracycline. 
Occipital, post vertical and interoccellar bristles are 
indicated by ocb, pvb and ioc, respectively. (K-M) Altered 
phenotype of 205/+, tetO-Anipf+ adults derived from larvae 
shifted from 10 ug/ml tetracycline to standard food during 
the late third instar. Note the thickening of the proximal 
segments of the arista (K, arrowhead), a bunch of new 
bristles on the third antennal segment and a modification in 
the number, the localization and the shape of the 
characteristic bristles of the second antennal segment (L, 
arrowheads). We could not determine the origin of these 
bristles on the basis of their morphology. Although different 
from the usual antennal bristles, they are not of a leg type 
because of the lack of the characteristic bract. The other 
main feature is a bunch of thick and long bristles of 
unknown origin close to the occelli (M, arrowheads). 
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increased further with one of the numerous tetracycline 
derivatives available. Some of them have been shown to be 
more potent effectors on tTA than tetracycline itself (Gossen 
and Bujard, 1993; Chrast-Balz and Hooft van Huijsduijnen, 
1996). 

Binary systems for controlling gene expression 

The interest in using a binary system that combines an effector 
molecule for controlling activity of a responder promoter has 
been largely demonstrated with the GAL4/UAS system (Brand 
and Perrimon, 1993). Our method makes use of a similar 
experimental strategy, which allows the stable integration of 
any kind of construct in a parental fly strain in the absence of 
the transactivator. Tissue-specific activation of the gene 
construct is achieved in the offspring of a cross with a driver 
line chosen for its pattern of expression of the transactivator. 
The tet system provides a more versatile tool, owing to the 
possibility of controlling the timing of gene expression during 
development. In addition, the use of the vectors RHT and WTP 
facilitates the generation of driver strains expressing tTA under 
the control of previously isolated tissue-specific enhancers, and 
responder strains carrying any gene of interest under the 
regulation of the /erC-containing promoter. We also plan to 
aenerate a collection of tTA -expressing strains following the 
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Fig. 6. Tetracycline-controlled expression of Antennapedia by the 
205 strain activates rK781. Shown are P-galactosidase-stained 
antennal discs isolated from larvae raised continuously on 10 |ig/mi 
tetracycline (+Tc) or shifted to standard food 4S-72 hours before 
dissection (-Tc). The arrow points to the activation of rK78 1 in the 
centralmost region of the wedge-type sector of tTA expression, 
visualized on the right by the lerO-lacZ reporter. Eggs were collected 
over 12 hours from teiracycline-ireated females of the gcnoiypc 
Cy[A405. M2J/205; rK78l/rK78l mated with +/+ ; terO- 
AntpHW> ,Tb males. Larvae of the genotype 205/+ ; terO- 
Antp/vKl$\ were identified by iheirTb + phenotype and the absence 
of the staining pattern due m the CylA405. M2| chromosome. 
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random integration into the genome of an enhancer de ector 
Struct with ,TA as a reporter gene. The aval ability of strum 
expressing tTA in a wide variety of patterns w.ll ensure a large 
number of applications for the ter system. 

We arc indebted to H. Bujard tor the generous gift of plasmids prior 
to publication. We thank Urs Kloier for pictures ol Ftg- 3 and -ranck 
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Scaffold-associated regions (SARs) were studied in 
Drosophila melanogaster by expressing a synthetic, 
high-affinity SAR-binding protein called MATH (multi- 
AT-hook), which consists of reiterated AT-hook peptide 
motifs; each motif is known to recognize a wide variety 
of short AT-rich sequences. MATH proteins were 
expressed specifically in the larval eye imaginal discs 
by means of the tetracycline- regulated transactivation 
system and tested for their effect on position effect 
variegation (PEV). MATH20, a highly potent SAR 
ligand consisting of 20 AT-hooks, was found to suppress 
w/lI ^inortied4 va negation. This suppression required 
MATH20 expression at an early larval developmental 
stage. Our data suggest an involvement of the high 
AT-rich SARs in higher order chromatin structure and 
gene expression. 

Keywords: chromatin structure/ DrosophilafPEV IS AR 



Introduction 

Scaffold-associated regions (SARs), also called matrix 
attachment regions or MARs, are operationally defined as 
DNA sequences that specifically associate with the nuclear 
scaffold or matrix and possibly define the bases of chro- 
matin loops (Mirkovitch et aL, 1984; Cockenll and 
Garrard, 1986; Gasser and Laemmli, 1986). SARs are 
very AT-rich regions of several hundred base pairs m 
length, that are possibly best described as being composed 
of numerous, irregularly spaced A tracts (short AT-rich 
sequences containing homopolymeric runs) (reviewed in 
Laemmli et aL, 1992). Proteins that specifically bind to 
SARs do not appear to interact with a precise base 
sequence but rather recognize certain structural features 
of non-B DNA, such as narrow minor grooves, DNA 
bends and a propensity to unwind (Bode et aL, 1992; Kas 

era/., 1993). j . 

SARs play roles in both chromosome condensation and 
gene expression. A recent report identified SARs as cis- 
elements of chromosome dynamics (Strick and Laemmli, 
1995), while numerous publications demonstrated that 
SARs, in a flanking position, can strongly stimulate the 
expression of various heterologous reporter genes in 
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different biological systems (Laemmli et aL, 1992). The 
SAR-mediated stimulation of transgene expression is not 
observed in transient assays, but only after stable integra- 
tion of the test constructs into the genome (Klehr et aL, 
1 99 1 ; Poljak et aL , 1 994). Hence, these ds-acting elements 
may exert their effect via chromatin structure, since 
transiently transfected DNAs are known to be poorly 
organized into nucleosomes. 

A recent model attempts to explain the general stimula- 
tory effect of SARs on transcription by proposing that 
SARs facilitate the displacement of histone HI (a process 
referred to as chromatin opening) through mutually 
exclusive interactions with proteins of similar DNA- 
binding specificity, such as the high mobility group protein 
HMG-l/Y (Kas et aL, 1993). HMG-I/Y contains three 
short DNA-binding domains, called AT-hooks, that bind 
the minor groove of A tracts similarly to the peptide 
antibiotic distamycin (Reeves and Nissen, 1990). Histone 
HI, HMG-I/Y and distamycin all bind selectively to the 
A tracts of SARs, and competition experiments between 
them have demonstrated that HMG-I/Y and distamycin 
are 'dominant': i.e. both can displace pre-bound histone 
HI from an SAR template (Zhao et aL, 1993). The 
observation that distamycin, added to cells, markedly 
stimulated cleavage at SARs by topoisomerase II in 
internucleosomal linker DNA but not at hypersensitive 
sites, tends in vivo support to this model; increased 
accessibility for cleavage presumably arises from the 
displacement of proteins, possibly histone HI (Kas et aL, 
1993) The model is also consistent with elegant studies 
demonstrating that SARs are necessary to spread open 
chromatin from enhancers to gene promoters (Kinllov 
et aL, 1996; Jenuwein et aL. 1997). 

To study the role of SARs in chromosome condensation, 
synthetic multi-AT-hook proteins (MATH), consisting of 
numerous reiterated AT-hook peptide motifs derived from 
HMG-I/Y (Strick and Laemmli, 1995), were synthesized. 
Since the AT-rich SARs have enough adjacent binding 
sites to accommodate all the multiple, covalently linked 
AT-hooks, these HMG-I/Y derivatives bind SARs (both 
as DNA and chromatin) with exquisite specificity (Strick 
and Laemmli, 1995). Their effects on chromosome assem- 
bly were tested in Xenopus egg extracts capable of 
converting added nuclei to mitotic chromosomes in vitro. 
Remarkably, adding low levels of MATH20, a protein 
containing 20 hooks, inhibited the normal events ot 
chromosome condensation, suggesting that SARs are cis- 
elements of mitotic chromosome dynamics (Stock and 
Laemmli, 1995). . 

To address the importance of SARs in the fruit fly 
Drosophila melanogaster, we expressed MATH20 in the 
larval eye imaginal disc to test for an effect on position 
effect variegation (PEV). We found that regulated expres- 
sion of MATH20 led to a suppression of PEV, suggesting 
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pig i Protein overexpression by means of the tetracychne-regulated 
transactivation system in Drosophila. (A) Schematic representation of 
the Tet system applied to Drosophila (see text for details). In (B-+ 
R-aalactosidase staining of eye-antennae imaginal discs from ear y (B 
and E) mid (C) and late third instar larvae (D and F). showing the 
activation of a tetO-LacZ reporter construct by the eyeless enhancer- 
tTA strain. In (E) and (F). larvae were maintained on medium 
containing tel 0.2 ug/ml. resulting in a complete inhibition of the 
tTA-induced LacZ expression. 

an involvement of SARs or SAR-like AT-rich regions in 
long-range chromatin structure and gene regulation. 



Results 

Targeted expression of synthetic SAR-binding 
proteins in Drosophila ... D 

With the aim of improving our understanding ot SAK 
function(s) in vivo, we have overexpressed MATH20, the 
synthetic SAR-binding protein, in Drosophila by means 
of the tetracycline (tet)-regulated transact] vation system 
(Tet system) (Bello et ai, 1998). Our strategy consisted 
of targeting expression of these proteins specifically to 
the eye imaginal discs during larval development and 
scoring for effects on white variegation. The principle of 
the binary Tet system is depicted in Figure 1A. A fly 
strain expressing a tet-regulated transactivating protein 
[tTA a fusion of the tet repressor DNA-binding domain 
and the VP16 transcriptional activation domain (Gossen 
and Buiard, 1992)] under the control of regulatory 
sequences [in our case, an eye-specific enhancer identified 
in the intronic sequences of the eyeless gene (Quiring 
et al 1994)] is crossed to a strain containing the coding 
sequence for the gene of interest downstream of the tet 
operator sequences. The expression of this gene is then 
obtained in the progeny, in the same pattern as tTA is 
expressed, and can be tightly controlled by tet (Bello 
et al. 1998). As shown in Figure 1B-D. by monitoring 
tetO-LacZ reporter gene expression, the e v-tTA strain can 
be used to target protein expression in the third instar eye 
imaginal discs, primarily in the undifferentiated eye cells 



(Figure IB), and progressively only in the differentiated 
cells posterior to the morphogenetic furrow (Figure 1C 
and D). Additionally, p-galactosidase activity is also 
observed in the eye imaginal discs during the first and 
second instars (data not shown). Tet, when added to the 
food at a concentration as low as 0.2 u.g/ml. is able to 
completely silence the expression of the LacZ reporter 
gene, both in early (Figure IE) and late third instar 
(Figure IF). 

MATH20 suppresses PEV 

In Drosophila, PEV refers to the mosaic expression of a 
gene when chromosome rearrangements place it close 
to heterochromatin. This heterochromatin-mediated gene 
silencing is proposed to be a heritable, epigenetic event 
that involves no alteration in the DNA content. Silenced 
genes are believed to be packaged into a higher order 
chromatin structure, or alternatively might be localized to 
a special nuclear compartment that confers transcriptional 
repression (reviewed in Karpen. 1994: Elgin 1996). A 
classical example of PEV is the w/H^-mottled (w ) 
inversion, in which the white gene necessary for the red 
pigmentation of the eye is juxtaposed close to hetero- 
chromatin of the X chromosome. 

The variegating phenotype of w/if're-mottled is seen as 
numerous clones of red, wild-type cells in an otherwise 
white mutant background (Figure 2A). Since MATH 
proteins are very efficient in SAR binding, including 
satellite III found in the centromeric heterochromatin ot 
the X chromosome (Strick and Laemmli, 1995, and 
below) we reasoned that overexpressing MATH proteins 
specifically in the eye imaginal discs of the developing 
larvae might modify white variegation, a process known 
to involve chromatin structure. Females of the ey-tTA 
strain in a w m4 background were crossed to males of the 
various independent tetO-MATH20 strains. After eclosion. 
males of the desired genotypes (which are heterozygous 
for both ev-tTA and tetO-MATH20 transgenes, and hemi- 
zygous for w"" 4 ) were kept for 5 days at 25°C and 
photographed. As a control, we used a line containing an 
empty tetO vector, showing a typical 'salt and pepper - 
like mosaic expression of the white gene (Figure 2A). 
Expressing MATH20 resulted in a significant derepression 
of the white gene, and a general loss of the variegating 
phenotype. This suppression of PEV was clearly visile 
in various independent MATH20 lines (Figure 2B-F), and 
was shown to be highly reproducible. Quantitative analysis 
of the red eye pigment levels for seven independent 
MATH20-expressing strains is shown in Figure 3A, with 
PEV suppressor ratios ranging from 1.6 to 2.8 when 
compared with the control line (two independent control 
lines gave identical results). In contrast, MATH 1 1 , a less 
potent SAR DNA-binding protein (Strick and Laemmli, 
1995), revealed no PEV-modifying effects in four inde- 
pendent strains (Figure 3A, dashed bars). 

To test for the specificity of the MATH20-induced 
suppression of PEV. we made use of tet to silence the 
expression of the MATH20 transgene. Progeny of a cross 
between w m4 , n-tTA females and tetO-M ATH20- 1 9 or 
empty tetO were grown on either normal or tet-containing 
food under exactly the same conditions of temperature 
and population density as before. While let treatment has 
no effect on the white mosaic expression in the control 
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Fig. 2. Eye-specfic express of MATH20 suppresses vanegauo, CZSEZZ?^ " 

males of the various tetO-MATH20 strains. Progeny was grown on standard "^^^^ (A) ^/Y. control 

%ti3£l&£L w^rel^ ££k and 20-, .C-J) 'f^^S SKlSSTS. (. and 
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line (Figure 2G-H), it clearly inhibits MATH20- induced 
suppression of PEV (compare Figure 21 and J). Quantita- 
tive analysis is given for three MATH20 strains (Figure 
3B). Results are "shown as the ratio of OD 480 MATH20 to 
OD 480 control: while modification of white variegation is 
observed in the absence of tet (Figure 3B, open bars), tet 
treatment, by maintaining silent the MATH20 transgene 
expression, leads to eye pigment levels very similar to 
those of the control (Figure 3B, black bars). 

We next made use of tet to examine whether suppression 
of PEV by MATH20 might require expression during an 
early developmental stage. For this purpose, 50 females 
of the w m4h , ey-tTA strain were crossed to males of 
the control or tetO-MATH20-l2 strain. One hour egg 
collections were made, and kept on either normal or tet- 
containing food. Larvae were then transferred at regular 
intervals to normal food. In these conditions, the transgene 
is kept efficiently silent, but it is activated after shifting 
larvae off tet following a lag period of -12 h (Bello et al, 



1998). As shown in Figure 3C, PEV suppression is still 
observed when larvae are exposed to tet up to 60 h after 
egg laying (AEL). If the gene is kept silenced longer (72- 
120 h) then no PEV suppression is observed. The eyeless 
enhancer activity and hence MATH20 expression can be 
detected throughout the larval stages and up through early 
pupal stages when differentiated eye cells develop from 
precursor cells. Since activation of the transgene, dunng 
the third instar period (72 h AEL), no longer reduced 
PEV we conclude that MATH20 expression in the 
undifferentiated cells is required to achieve suppression 
of PEV 

MATH20 suppresses cleavage by topoisomerase II 
in satellite III heterochromatin of chromosome X 

Is suppression of PEV by MATH20 mediated by inter- 
actions at SARs? The w m4 inversion juxtaposes the white 
gene to the heterochromatin of the X chromosome. 
Intriguingly, the predominant component of the 
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heterochromatin is satellite III also called the LttjTor 
the 359 bp repeat satellite (Hsieh and Brutlag 1979). Two 
or three repeats (718-1017 bp) of this satellite behave as 
W Aedg?d SARs in vitro; they P«any 
nuclear scaffolds, topoisomerase II and HMG-I/Y (Kas 
anS Laemmli, 1992; Karpen, 1994). Thus the inverted 
white gene appears juxtaposed to a giant, reiterated SAR 

° f ^omerase II is one of the growing number of 
proteins associated with heterochromatin (Rattner et a/.. 
1996) Although it is not known whether topoisomerase 
II is implicated in heterochromatin formation, it is one ot 
S,e few proteins for which the site of interaction can be 
stud ed by stabilizing the so-called cleavage intermediate 
usta cytotoxic drugs. Thus, this protein serves here as a 
convenient, heterochromatin-associated reporter protein 
which is expected to monitor the interaction of MATH20 
in this chromatin. Moreover, topoisomerase 1 « known 
to be specifically enriched over satellite III heterochroma- 
asTvealed by microinjection of fluorescent topoiso- 
merase II into Drosophila embryos (Denburg et al, 1W 
This preferential interaction was also borne out by previous 
studies that demonstrated a major topoisomerase 11 cleav- 
age site once per satellite III repeat; this 359 bp repeat 
contains two positioned nucleosomes, and the major topo- 
Lomerase II cleavage site occurs in one of two nucleosomal 
linker regions as depicted in Figure 4B. 



Does MATH20 interfere with topoisomerase II cleavage 
in satellite III? We addressed this question using Xenopus 
™ extracts. These extracts are known to carry ou 
faithfully many cellular processes. Indeed, we noted that 
tendogenouLopo 

a cleavage ladder in satellite III repeats of Drosoph.laKc 
nuclei that is indistinguishable from the one observed in 
cells Figure 4A, lanes 1 and 2). Interestingly, this cleavage 
Sder is suppressed specifically in a dose-dependent 
manner by MATH20 (lanes 2-5). In contrast, nc -j^non 
Hteerved by added HMG-I/Y (lane 6) which binds 
LchTore dispersively to the genome. In conclusion 
MATH20 can interfere specifically with topoisomerase II 
cleavage in satellite III, strongly suggesting that the 
MATH20 protein encoded by the transgene expressed in 
flies is very likely to bind specifically the heterochromatin 
of chromosome X. 

Discussion 

The variegated phenotype of white mottled flies is the 
result of a large inversion in the X chromosome that 
p.aces the wMt/gene adjacent to centomenc heterochroma- 
tin PEV is due to a stochastic inactivation of the *hite 
gene in some but not other cells at an early stage ■ of eye 
development, followed by clonal maintenance through 
S stages. The resulting pattern of white gene expression 
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Fie 4. Specific suppression by MATH20 of topoisomerase II cleavage 
insatelliie III of chromosome X. This figure demonstrates that 
MATH20 specifically inhibits topoisomerase II cleavage in satellite 111. 
which is the predominant component of the heterochromaun or 
chromosome X. (A) Isolated Kc Drosophila nuclei were incubated ,n 
mitotic Xenopus egg extracts in the presence of deferent 
concentrations of MATH20 or HMG-l/Y. The topo.somera e II 
cleavage activity subsequently was monitored in satellite III by 
reaang the extracts for 10 m,n with VM26. The DNA samples were 
dTsplaved on a 1.2% agarose gel and the Southern blot hybnd.zed w„h 
a satellite III repeat probe. VM26 and proteins were added as 
mdicated at the top. The sample in lane 1 rece.ved no VM26 and no 
MATH20. and that in lane 2 received VM26 only. Samples in 
anes 3-5 contained 80. 40 and 20 ng of MATH20. respective y. The 
sample in lane 6 contained 80 ng of HMG-l/Y. (B) The repeat 
secure of satellite III chromatin, which consists of two nucleosomes 
per 359 bp repeat unit. Topoisomerase II cleaves (arrow once per 
unit, in every other nucleosomal linker region (Kas et ai. 1993). 



is observed in the eye as patches of pigmentation. Morpho- 
logically PEV is observed on polytene chromosomes as 
a spreading of heterochromatic structures into euchromatic 
genes (Elgin, 1996). Current evidence favors a model 
according to which silencing proteins of the centromenc 
heterochromatin spread into the juxtaposed euchromatic 
region by a cooperative assembly process. This spreading 
may be a consequence of the inversion by removing 
putative boundary elements that otherwise delimit hetero- 
chromatin (Locke et ai, 1988). 

We have shown here that specific expression ot the 



artificial high-affinity SAR-binding protein MATH20 in 
the developing eye imaginal discs results in suppression 
of white variegation. Using the tetracycline gene regulation 
system, we demonstrated that suppression of PEV requires 
the expression of MATH20 in the undifferentiated eye 
cells and is observed if this transgene is activated up to 
60 h after egg laying. In contrast, no suppression is 
observed upon activation of MATH20 during the late 
third instar period. Interestingly, suppression of PEV by 
MATH20 was also observed for the Brown 0 variegating 
rearrangement (data not shown). We found no effect on 
white variegation by expression of MATH11; this protein 
with only 11 AT-hooks has a 7-fold lower binding affinity 
<K» = 18.2 pM) for SARs than MATH20 (2.6 pM). 
Consequently, proportionally higher amounts of protein 
were required to affect chromosome condensation in 
Xenopus extracts (Strick and Laemmli, 1995). Hence, it 
might be necessary to express MATH 11 in the eye imaginal 
disc with a stronger promoter to achieve an effect on 
white variegation. The differential effect of MATH 11 
versus MATH20 underscores the notion that suppression 
of PEV is a specific phenomenon; it appears to be related 
to the binding strength of the effector. Adding MATH to 
a mitotic Xenopus extract led to the formation of abortive 
condensation products (Strick and Laemmh 1995 I, and 
microinjection of MATH20 (but not HMG-I/Y) blocked 
HeLa cells in late G,-phase following passage through 
S-phase (R.Strick, R.Peperkok and U.K.Laemmh, in 
preparation). In agreement with this, we have observed 
mat higher levels of embryonic and larval expression 
of either MATH20 or MATH 11 led to lethality. Thus 
suppression of PEV required tissue-specific expression ot 
MATH20 at a low level that does not interfere with 

cell division. . , ., » » K 

The inverted white gene is juxtaposed to a giant 1 1 Mb 
reiterated SAR in the form of satellite III repeats. MATH20 
binds there with great specificity (Strick and Laemmh, 
1995) and is able to interfere with the activity of topo- 
isomerase II (Figure 4). This observation establishes proof 
of the principle that MATH20 can interact with or displace 
a pre bound protein associated with heterochromatin. 
Although we cannot rule out other possible models, it is 
tempting to explain the effect of SAR on gene expression 
chromatin opening and PEV by extending a model put 
forward by Laemmli and colleagues (Laemmh et al.. 
1992) In this model, certain proteins (called compacting 
proteins here) interact with SARs or certain AT-nch 
satellites cooperatively; this can lead to either chromatin 
folding chromosome condensation (looping) or formation 
of heterochromatin. Conversely, other V^™ h J* 
HMG-I/Y and their monster derivatives, MATH, bind non- 
cooperatively to SARs and can displace the compacting 
proteins by disrupting their cooperative interactions, hence 
resulting in chromatin unpacking. These alternative chro- 
matin states are governed by the binding strength and the 
relative local level of the chromatin packaging proteins 
versus those that undo it. Of importance for these consider- 
ations is the extent of SAR repetition at a given region. 
Since an assembly of cooperatively interacting proteins 
becomes energetically more favorable with increasing 
repeats, certain packaging proteins are expected to 
polymerize preferentially onto satellite III chromatin over 
individual SARs. In contrast, the non-cooperative MATH 
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proteins would bind dispersively to single and reiterated 
SARs Thus in a cell, while a single SAR in*euchromatin 
may promote chromatin opening and stimulation of gene 
expression (Jenuwein et al, 1997), a reiterated SAR could 
result in silencing. 

It is easy to explain the effect of MATH20 on PEV by 
simple considerations based on the above model. The high 
affinity of MATH20 for SARs could allow it to bind to 
the satellite III region or other AT-rich regions, thus 
disrupting the cooperative interaction of the compacting 
proteins. This in turn would energetically disfavor the 
spreading of the polymerizing proteins into the flanking 
euchromatic region. As the probability of inactivating an 
adjacent euchromatic gene diminishes, one expects to 
observe suppression of PEV. It is impossible at present to 
obtain direct evidence for the model, and for a direct 
in vivo proof for MATH20 binding to satellite III. PEV 
appears to be a complex, poorly understood process, 
and the nature of the ds-DNA elements involved in 
heterochromatin formation has yet to be elucidated. The 
results reported here could also provide a clue about the 
nature of these cw-acting elements involved in PEV; the 
data suggest that this chromatin state might be mediated 
in part by proteins that interact with AT-rich repeats, such 
as those of satellite III. 

Materials and methods 

Se^'"* strain was used as recipient for injections. P-element- 
mediated germ line transformation was done using standard procedures 
(Spradling and Rubin. 1982a,b). For each construct, multiple independent 
lines were established, and the chromosomal location of the inserted 
transgene was determined by standard genetic analysis using balancer 
chromosomes. The white™** 4 inversion, In(l)v^ h stram, was used 
to score the effects of MATH proteins on white variegation. PEV- 
modifying effects were quantified by red eye pigment measurement 
(Ashburner, 1989), on groups of 40 male heads of the desired genotype 
kept for 5 days at 25°C after eclosion. Hies were grown at 25 C on 
standard medium, unless specified otherwise in the text Tetracycline 
(Sigma) was used at 0.2 Hg/ml as described i (BeUofi ai, ^ 98 > R ^ 
strains expressing tet-VP16 transactivator are described elsewhere (Bello 
et ai, 1998). 

Plasmid constructs 

Further details of the cloning procedures are available upon request. 
MATH 11 and MATH20 cDNAs (Strick and Laemmh, 1995) were 
inserted into pWTP (marked with minivWme) (Bello et ai, 1998) and/or 
pYTP (marked with yellow). pYTP was constructed by inserting a tet 
operator-P promoter-SV40 polyadenylation signal cassette from pWlP 
imo pY vector, made by inserting the yellow gene from the «S vector 
(Patton et al, 1992) into Carnegie 4 (Rubin and Spradling, 1983). 

3-Galactosidase activity 

B-Gal stainings were done as described (Ashburner, 1989) on glutar- 
aldehyde-fixed eye-antennal imaginal discs from early and late third 
in star larvae. 

Topoisomerase II cleavage assay 

Kc nuclei were isolated (Mirkovitch et ai, 1984) and added to Xenopus 
egg extracts (Strick and Laemmli, 1995) to a final concentration of 
10 000 nuclei/ul of extract, incubated at 2PC for 1 h and subsequently 
treated with 50 ^M VM26 for 10 min. The reactions were stopped and 
isolated DNA samples were electrophoresed in a 1.2% agarose gel, 
electroblotted to nylon membranes and hybridized to satellite III repeat 
probes as described (Kas et ai, 1993). 
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Abstract The "reverse" tetracycline repressor (rtR) 
binds a specific DNA element, the tetracycline operator 
(tetO), only in the presence of tetracycline, or derivatives 
such as doxycycline (dox). Fusion of rtR to the tran- 
scriptional activation domain of herpes virus protein 
VP16 produces a eukaryotic transactivator protein 
(rtTA). rtTA has previously been shown to allow dox- 
dependent transcription of transgenes linked to tetO 
sequences in mammals. To adapt this system to Droso- 
phila, the ActinSC promoter was used to drive consti- 
tutive expression of rtTA in transgenic flies. Three 
reporter constructs, each encoding E. colt p-galactosi- 
dase (p-gal), were also introduced into transgenic flies. 
In one reporter seven tetO sequences were fused to the 
Adh core promoter. The other two reporter constructs 
contain seven tetO sequences fused to the hsp7Q core 
promoter. Feeding of transgenic Drosophila containing 
the rtTA construct and any one of the three reporter 
constructs with dox caused up to 100-fold induction of 
P-gal. Dox induced P-gal expression in all tissues, in 
larvae and in young and senescent adults. Induction of 
p-gal in adults had no detectable effect on life span. 
These results suggest the potential usefulness of this 
system for testing specific genes for effects on Drosophila 
development and aging. 

Key words Tetracycline repressor - Inducible 
promoter * Drosophila • Aging 



Introduction 

Inducible gene expression systems have long been an 
important tool in analyzing the function of specific genes 
in bacteria, yeasts, and Drosophila. In Drosophila, in- 
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ducible transgenic systems usually rely wholly or in part 
on the use of a heat shock protein (hsp) gene promoter, 
which is transcriptionally induced in response to heat 
stress (Lis et al. 1983). While hsp gene promoters have 
been used to great advantage in many experiments, the 
system has several important limitations. First, the heat 
stress required for induction can have pleiotropic effects, 
including developmental abnormalities (phenocopies) 
(Lindquist 1986) and reduced fertility and viability. This 
is a problem particularly in experiments designed to 
study the aging process, since life span will be dramati- 
cally affected by changes in fertility and viability (Tower 
1996). Another situation where the use of a heat-in- 
ducible promoter is problematic is the analysis of the 
heat shock proteins themselves. It is not possible to in- 
duce expression of a single hsp and study its effects, 
without the complication of inducing the entire en- 
dogenous repertoire of hsps. This problem has been 
overcome in certain experiments by using the metal- 
lothionein promoter (Petersen and Lindquist 1988; Sol- 
omon et al. 1991), which is inducible by heavy metal 
ions. However, the metallothionein promoter functions 
only in specific gut cells in transgenic Drosophila (Otto 
et al. 1987), thus limiting its potential usefulness. There- 
fore, there is a need for an alternative inducible gene 
expression system in Drosophila. 

In the last five years, efficient inducible gene expres- 
sion systems have been developed for mammalian sys- 
tems based on the E. coli tetracycline repressor (tetR) 
(Gossen and Bujard 1992; Furth et al. 1994). The tetR 
binds to its target sequence, the tetracycline operator 
(tetO) only in the absence of the antibiotic tetracycline. 
The first system developed for mammals was the "let- 
off" system (Gossen and Bujard 1992; Furth et al. 1994; 
Shockett et al. 1995). tetR protein was fused with the 
transcriptional activation domain of herpes virus tran- 
scription factor VP 16. In the absence of tetracycline this 
protein binds to tetO sequences placed within the pro- 
moter of a gene of interest, thereby driving transcription. 
Addition of tetracycline then prevents binding and stops 
transcription ("let-off"). A "tet-on" system was created 
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by generating a mutant tetR:VP16 fusion protein, which 
had the reverse property of only binding to the tetO and 
activating transcription in the presence o^etracychne 
("tet-on") (Gossen et al. 1995; Kistner et al. 1996). We 
report here the successful adaptation of the "tet-on' 
system to transgenic Drosophila. 



Materials and methods 

Plasmid constructions 

Plasmid rtTA (reverse-tetracycline Trans Activator) was con- 
S by first inserting the 850-bp HmdlU-Xbal to****™. 
T^SwR-AUG/B-gal (Thummel et al. 1988), containing the SV40 
SSd poly(A) signals, into the tftodlll (partid restriction .J- 
Son) and Xbal sites of the polylinker of the pCaSpeR4 trans- 
foration vector (Thummel and Pirotta 1992), to generate plasmid 
PlaS P UHD172-lneo (Gossen et al. 1995) was digested 
with EcoRl, endfilled with T4 polymerase, then digested with 
BamHL to liberate a 1-kb fragment containing the reversMetra- 
fycline trans-activator coding sequence. Plasmid cSV was digested 
with Spel, endfilled with T4 polymerase, then digested with BamW, 
and the 1-kb fragment from P UHD172-lneo ^ m-to^to 
generate the plasmid cTSV. DNA sequencing of cTSV _ revved 
that it had resulted from an unexpected ligation event the EcoRl 
site from the inserted fragment was conserved in this cloning step, 
and the 1-kb fragment was actually inserted into the BamiU site, 
without any change in the Spel site. The AcinSC Promoter was 
inserted into plasmid cTSV in several steps. First, plasmid D237 
(also called "Act5C>Draf+ > nuc-lacZ"; Struhl and Basler 1993) 
was digested with Noil, endfilled with T4 polymerase, then digested 
with Kpnl, and the resultant 4.3-kb fragment containing the ^c- 
riaJC promoter was inserted into the ^"V^V sites of pBlue- 
Script II KS (Stratagene), to generate pAc. The 4.3-kb Aclm5C 
promoter fragment was liberated from pAc by restriction digestion 
with KM and £coRI, and inserted into the Kpnl/EcoKl s.tes of 
cTSV to generate the plasmid cATSV. DNA sequencing revealed 
that the AciinSC promoter in plasmid cATSV was m the wrong 
orientation relative to the reverse-tetracycline transactivator coding 
region. To correct this, the AclinSC promoter region was liberated 
bv digestion with EcoRl, and then re-inserted into the same EcoKl 
site DNA sequencing was used to identify a construct with the 
ActinSC promoter in the correct orientation, which was then 
named plasmid rtTA. , . , 

The seven tandem repeats of the tetO region in plasmid 
pUHC13-3 (Gossen et al. 1995) were , w&figW V^^fc^C 
orimers- 5'-TCGACTGCAGCTITCGTCTTCAAGAATTCCTC- 
GAG-r and 5'-AGCTTCTAGATACACGCCTACTCGACCC- 
GGGTACCGAG-3'. The 367-bp PCR product was digested with 
ft/I and Xbal at the sites engineered into the primers, and then 
inserted into the Pstl/Xbal sites of pBlueScript II, to generate 

Pl Ttotria^7TAdh was constructed as follows. Plasmid pAdh/P- 
gal (Irvine etal. 1991; KoeUe et al. 1991) was partially digested with 
IcoRI, and then completely digested with Pstl to liberate a 4.8-kb 
fragment containing the Adh basal promoter region (positions i -33 
to + 53) the Ubx 5' leader sequences fused to lacZ, and the S.V4U 
SDlice and poly(A) signals. This fragment was cloned into the Pstl/ 
EcoRI sites of the pCaSpeR4 polylinker, to generate p asrmd 
pCaSpeR-Adh/fl-gal. The 359-bp Pstl-Xbal fragment from plasmid 
o7T containing the heptameric tetO region, was then inserted into 
the Pstl/Xbal sites of pCaSpeR-Adh/P-gal, to generate plasmid 

Plasmid 7T40 was constructed as follows. Construct c70Z (Si- 
mon and Lis 1987) was digested with Hindlll and £coRI to hberate 
a fragment containing the hsp70 promoter fused ^J-co'ihcZ 
This tfi/idlll-EcoRI fragment was cloned ™i 0 **HwdUWcoRl 
sites of plasmid pBS2N to generate plasmid pBS2N Plasmid 
pBS2N is pBlueScript II KS + (Stratagene) in which the unique 



Kpnl site has been converted to a Noil site (a gift of L.R. Bell, 
University of Southern California). Construct c70Z was abo di- 
eted with EcoM alone to liberate an £coRI fragment contauung 
me hsplO P oly(A) signal sequences, and this fragment was cloned 
mto the unique *»Kl site of plasmid P BS ZNT to g^plasnud 
DBS2N" Ptasmid pBS2N" was digested with tfmdlU and ApaL, 
Ed with exonuclease III and with nuclease SI, and ^fj* 
T^e resultant plasmid was called c40Z, and DNA sequencing re- 
vealed a 5' hs P 70 promoter deletion to position -40 relative to the 
IZ site of transcription. Plasmid ^Zjs one of a senes of Jv70 5 
promoter deletions which will be described in detail .elsewhere J. C 
Wheeler and J. Tower, unpublished data). Plasmid c40,, was di- 
gested with Noll to liberate a 3.7-kb fragment containing theentire 
f'A-40 hs P 70:lacZ fusion gene, and this fragment was clonedmto 

^tl site of P 7T, to generate plasmid P™^ A 
containing the seven tetO repeats and the entire 5 A-40 ^O.IacZ 
fusion gene was liberated from p7T40-pre by digestion w*h *M 
and SpTl, then inserted into the Xhol/Spel sites in the polylinker of 
pCaSpeR4, to generate plasmid 7T40 

Plasmid 7TAUG was constructed as follows. A 4 6-kb Sail 
fragment from pCaSpeR-AUG/p-gal (Thummel et al. 1988) con- 
taining the ^^ translation initiation sequence fused I to lacZ and 
Se SV40 splice and poly(A) signals, was cloned into the San .sue : of 
PBlueScript II KS, lo generate plasmid pAUG. A All fragment 
from Plasmid 7T40. containing the seven tetO repeats and the I,sp70 
rXSterfrom -40 to +86, was inserted into the ftfl site of 
pAUG to generate plasmid p7TAUG. A fragment containing the 
seven tetO repeats and the entire hs P 70:lacZ fusion gene was Ub- 
frated from pTTAUG by digestion with Xhol and inserted into the 
Xhol site of pCaSpeR4, to generate plasmid 7TAUO. 



Drosophila culture 

Fly stocks were maintained on commeal/agar medium (A^burner 
1989) To obtain adult flies of defined ages, stocks were cul ured at 
25°C until 0-2 days posi-eclosion, and then males only were 
transferred to 25° C or 29" C as indicated in Figure legends. These 
mates S maintained a. <50 per vial and ^"sferred to fresh 
vials every 2-4 davs. Double transgenic adult ma es were obtained 
by crossing males of a transactivator stock (rtTA) to virgins or the 
Soorto slocks (7TAdh. 7T40. and 7TAUG). Transgenic fl.es were 
derated S standard methods (Rubin and Spradling 1982), using 
the m'"'* recipient strain. 



Doxycycline treatments 

Young flies (5-7 days post-eclosion) and old flies (28-32 days post- 
eXsion) were treated with the <«™vcline denvat.ve do^^^^^^^^ 
hydrochloride (dox) (Sigma) by feeding. The md.ca ed concentra- 
tion of dox, in 20 mM Tns (pH 7.5) containing 10% sucrose, was 
soaked into a single Kim-Wipe (Kimberly-Clark), in an empty 
Drosfphila cultural. After feeding with dox forthe : specified 
time, the flies were returned to commeal/agar food vials and 
allowed to recover as indicated. For treatment of larvae the 
cornmeal/agar medium was supplemented with dox o a final 
concentration of 0.25 mg ml. pnor lo seeding of the culture. 

Spectrophotometry assay of p-galactosidase activity 

P-Galactosidase (p-gal) activity was quantitated in whole fly ex- 
tracts using published procedures (Simon and Lis 1987). Assays 
were performed under conditions in which the reaction vm linear 
with regard to the amount of extract. Data are presented as the 
average +/- standard delation for triplicate jiss^ Protem 
concentration of extracts was determined using the Bradford re- 
agSBfoRad^ The V'» strain was used to generate all transgenic 
IE and no p-gal activity was detectable in extracts of the w 
strain using the specirophotomeinc assay. 
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In situ staining for p-galactosidase activity 

R.galactosidase expression was visualized in dissected flies, larvae, 
Tndcryostat sections using published procedures (Simon et al. 
1985). 



Results 

Basic components of the system 

To achieve tetracycline-inducible induction of trans- 
eenes in all tissues it is necessary that the reverse tetra- 
cycline transactivator (rtTA) be expressed in all tissues. 
The rtTA is a fusion of the reverse tetracycline receptor 
(rtR) which binds to DNA only in the presence of tet- 
racycline, with the transcriptional activation domain of 
herpes virus transcription factor VP16. In construct 
rtTAVthe institutive Drosophila ActinSC promoter was 
used to drive expression of the rtTA coding region. This 
construct also contains the SV40 poly(A) signal se- 
quence (Fig. 1A). To test the system, three reporter 
constructs were generated, each encoding E. coli B-gal. 
The constructs differed in the source of the core pro- 
moter 5' UTR, and polyadenylation signal sequences in 
order to maximize the chances of generating a construct 
which could yield high-level transgenic protein expres- 
sion in Drosophila. In the first reporter construct 
(7TAdh) seven tetO sequences are fused to the Adh core 
promoter, followed by the Ubx 5' untranslated region 
Hie E. coli lacZ coding region, and the SV40 poly(A) 
signal (Fig. IB). A regulatory element composed ot 
seven tetO sequences was chosen because this element 
was previously shown to function in transgenic mice 
(Kistner et al. 1996). In the second reporter (7T40), the 
seven tetO sequences are fused to the hsp70 core pro- 
moter, and hs P 70 5' untranslated region, followed by the 
E coli lacZ coding sequences and the hsp70 po^A) 
signal (Fig. 1C). In the third construct (7TAUG), the 
seven tetO sequences are fused to the hs P 70 core pro- 
moter, followed by the Adh 5' untranslated region, the 
lacZ coding region, and the SV40 poly(A) signal 
(Fig ID) Multiple independent transgenic lines were 
generated for each construct. Each line is homozygous 
for the transgenic construct, and is designated by the 
name of the construct followed by the chromosome m 
which the construct is inserted (in parenthesis), followed 
by a letter/number combination for each independent 
transgenic line. For example, line 7TAdh(2)A2 is 
transgenic line number A2 and has the 7TAdh construct 
inserted on the second chromosome. 

Flies were then generated which contained both toe 
rtTA construct and the 7TAdh construct ( double- 
transgenic" flies). This was done by crossing .flies of 
stock rtTA(2)Cl to flies of stock 7TAdh(2)A2, which 
yields progeny containing one copy of each construct. A 
sample of these double transgenic flies were fed sucrose 
solution containing 1.0 mg/ml dox for 48 h, while the 
controls were fed sucrose solution alone. The flies were 
allowed to recover for 3 days, then sectioned using a 



cryostat, and the sections were stained for P-gal activity 
(Fig 2A) In the treated flies robust p-gal activity 
(blue stain) was detected in all tissues. In the control 
flies low-level B-gal activity was detected primarily in 
the eut, and thus the system allows dox-induced trans- 
gene expression in all tissues of the adult. The same 
results were obtained with transgenic flies containing the 
other two reporter constructs, 7T40 and 7TAUG (data 

not shown). , , . . 

To determine if the system also works during de- 
velopment, line rtTA(2)Cl was crossed again to re- 
porter line 7TAdh(2)A2, and also to reporter line 
7T40(3)B1, and the larvae from each cross were cul- 
tured on food containing 0.25 mg/ml dox, and on 
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Fig. 1A-D Transgenic constructs. Each construct fragment shown « 
cloned into the indicated restriction sites of ^ tf «ta 

rfH«A-4 transformation vector. The assembly of each instruct is 
dented in detail in Materials and methods. Diagrams are not to 
scale. A rtTA. The constitutive Aciin5C promoter and 5 untranstoted 
region are fused to the coding sequences for uie rtTA (reverse 
teoWcUne transactor), which is a toon of the rtR ^(reverse 
tetracycline repressor) and the transcriptional activation domain of 
herp^rus protm VP 16. The pohtA) signal sequences are 
fromSV40 B 7TAdh. Reporter construct consisting of seven tetO 
se^ the ^ core promoter, the Ubx 5' unUansUted region and 
oSuonal initiation sequence, the E. coli IccZ coding regionand 
uT^tt poly(A) signal sequences. C ^Reporter 
consisting of seven tetO sequences, the hsp70 core P~?ioter 5 
untranslated region and translational imuauon sequence, the 
Siting region and the hspJO poly(A) signal ^« £ P^ A ^ 
Reporter consSuct consisting of seven tetO sequences, the hspW core 
%££L me A* 5' untranslated region 

sequence, the E. coli lacZ coding region, and the SV40 poly <A» sigiwi 
sequence 



Fig. 2A-C Dox-induced transgene expression detected by an in situ 
fS-gal activity assay. A rtTA transgenic line rtTA(2)Cl was crossed to 
reporter line 7TAdh(2)A2. Young adult progeny were fed with either 
control sucrose solution (upper panel) or sucrose solution containing 
1.0 mg/ml dox (lower panel) for 48 h, and then allowed to recover for 
3 days. Flies were sectioned on a cryostat, and stained for 0-gal 
activity using the chromogenic substrate X-gal. In the control (upper 
panel), low-level fr-gal activity is detected primarily in gut tissues. The 
gut staining indicates some leakiness of expression in the absence of 
dox, as in non-transgenic Drosophila only very faint gut staining is 
detectable, and only in the abdomen (data not shown, see also 
Wheeler et al. 1995). In dox-treated (lower panel), P-gal activity is 
detected in all tissues, with the exception of the central region of the 
indirect flight muscles. All of the indirect flight muscle tissue stains 
intensely if the staining reaction is allowed to continue for a longer 
period (data not shown). However with longer staining times 
the increased intensity of stain in the other body segments 
obscures the detail of specific tissues, and therefore the results for 
the shorter staining time are presented. B Progeny from the cross 
rtTA(2)Cl x 7T40(3)B1 were cultured on standard Drosophila culture 
media (upper larva) or Drosophila media containing 0.25 mg/ml dox 
(lower larva). Whole third-instar larvae were stained in situ for 0-gal 
activity. No p-gal activity was detected in the control tissue larvae 
(upper larvae), or in non-transgenic larvae (data not shown). General 
P-gal activity was detected in the dox treated larvae (lower larvae). 
C Repeat of the experiment in B, using progeny of the cross 
rtTA(2)Cl x 7TAdh(2)A2. p-Gal expression in larvae with this 
reporter was reproducibly less efficient than in the experiment shown 
in B 



control food. As seen in Fig. 2B, C, staining of whole 
third-instar larvae revealed high-level, tissue general 
induction of p-gal activity with reporter 7T40(3)B1, and 
somewhat lower level, tissue general induction with re- 
porter 7TAdh(2)A2. The dox-fed larvae were also ob- 
served to be slightly smaller than the controls, which 
may be due to a toxic effect of the dox and/or p-gal 
expression during development. 



Characterization of the response 

The induction of p-gal expression can be quantitated 
by spectrophotometric assay of P-gal activity in fly ex- 
tracts. This assay was used to optimize the time course 
of dox treatment. Transactivator line rtTA(2)Cl was 
crossed to reporter line 7TAdh(3)Dl, and the double 
transgenic progeny were treated with 1.0 mg/ml of dox 
for 24 h, 48 h, and 48 h plus varying times of recovery 
without dox. As seen in Fig. 3A, 48 h of treatment plus 
3 days of recovery gave the optimal degree of induction 
(-10-fold). With greater times of recovery, P-gal activity 
decreased, indicating that the induction is reversible 
upon withdrawal of dox. The same result was obtained 
using a different reporter stock, containing the 7T40 
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In transgenic mice the activation by the rtTA trans- 
act vator cln be quite rapid, with activation by several 
orders of magnitude occurring m the first 4 h, and 
maximum level! of activation being achieved by 24 h 
SSSnTet al. 1996). The timecourse of -UvaUon m 
Drosovhila was analyzed in greater detail (Fig. 3 Q, and 
S to be significantly slower. In the progeny of the 
cross rtTA(2)Cl x 7TAdh(2)A2, induction of p-gal by 
dox feeing was quantitated at intervals between 4 and 
72 h iSfncant'activation was not detgted un^8 
20 h, andmaximal inductum 
results were obtained with construct 7TAUG (data not 
shown) Note that while the level of induction and 
Surse was similar for the different 
Fie 3 they are not identical. This probably reflects 
SdiSices in the activities of the different reporter 
Ertions, as well as the variability inherent in working 
with live adult Drosophila and administration of dox by 

^DrosophUa tet-on system was next characterized 
for the dose refuse to dox (Fig. 4). Double transgenic 
adults (rtTA(2)a x 7TAdh(2)A2) were fed dox for 48 b 
ana Slowed^ recover for 3 days (FigM open «rde ) 
or for 96 h plus a 3-day recovery period (closed circles)^ 
Fo 48-h treatment times, P-gal activity was found to 
increase in response to dox concentration from 0.01 to 
2 mg/ml. Use of the longer 96-h treatment tune aUowed 
equivalent levels of P-gal expression with one-tenth as 
much dox. Thus, longer treatment times reduce the 
amount of dox required for efficient ^uctio^ 

To compare the relative activities of the three diner 
ent reporte?constructs, two ^^T^^Z 
for each reporter were crossed to the rtTA 2)C1 trans- 
activator Se (Fig. 5A). Dox-induced P-gal expression 



0 4 8 12 20 24 48 72 
Treatment (h) 

Fte 3A-C Time course of transgene induction by dox. A Young 
a^rogenTof the cross rlTA(2)Cl x 7TAdh(3 D j w«emock 
**»tJi I rrtox-- slimled bars), or treated with 1.0 mg/ml dox (Dox + , 
S SSto Seated' time periods. ™i^«J<>™™£ 

SSSw 3S is expressed in relative units, andthe 
avS +/-^ arepresented. B The experiment in A was repeateJ 
Xaafferent reporter stocking young adult V«°V%*™ cro* 
rtTAttlCl x 7T40(2)E1. C The experiment in A was repeated using 
from SSTA(2)C1 x 7tW)A2, and the umecourse for 
induction was analyzed in greater detail 

construct, 7T40(2)E1 (Fig. 3B). Thus, both the hspJO 
core promoter and the Adh core promoter Respond 
to activation by the tetO sequences and the rtIA 
transactivator. 




expression was quantitated as in Fig. 3 
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Fie 5A, B Comparison of transgenic reporter constructs and lines. 
All dox treatments were for 48 h plus 3 days recovery. A Assay in 
young adults. The indicated reporter lines (R, reporter alone) were 
assayed with and without dox treatment, as indicated. Each indicated 
reporter line was also crossed to the rtTA line rtTA(2)Cl, and the 
progeny (R+A, reporter plus activator) were assayed with and 
without dox treatment, as indicated. B Assay in old adults. rtTA hne 
rtTA(2)Cl was crossed to each indicated reporter line, and old adult 
progeny were assayed with and without dox treatment, as indicated. 
(J-Gal expression was quantitated as in Fig. 3 



B-gal by dox was quantitated (Fig. 6A). The different 
independent rtTA lines were found to vary in activity, 
both with regard to the amount of background P-gal 
activity in the absence of dox, and with regard to the 
maximum level of induction in the presence of dox. 
Transgenic transactivator line rtTA(3)E2 appeared to be 
the best: in the absence of dox, background P-gal levels 
were as low as in flies carrying the reporter construct in 
the absence of any transactivator, and dox treatment 
yielded a 40-fold induction. To confirm this result, each 



was observed with all three constructs, with induction 
factors ranging from 12- to 25- fold. In general, the 7T40 
reporter construct gave higher levels of p-gal expression 
than the other two reporter constructs; however, the 
background expression in the absence of dox was also 
higher. Thus, the induction factor achieved was similar 
for each of the three reporter constructs. 

To determine if the system functions during aging of 
Drosophila, the activity of each reporter construct was 
also assayed in senescent (30-day-old) flies (Fig 5B). 
Each reporter was found to support dox-induced P-gal 
expression in senescent flies, with induction factors 
ranging from 8- to 1 5-fold. 

The dox-inducible system is dependent upon efficient, 
general expression of the transactivator construct, rtTA. 
Because the chromosomal site of insertion of the rtTA 
transgene can affect the level of expression, different 
independent rtTA transgenic lines may vary in their 
activity, To compare their activities, each of 13 inde- 
pendent rtTA transgenic lines was crossed to the 
7TAdh(3)Dl reporter, and the efficiency of induction of 



Fig. 6A, B Comparison of different transgenic transactivator (rtTA) 
lines. All dox treatments were for 48 h plus 3 days recovery. A The 
indicated rtTA lines were each crossed to reporter line 7TAdh(3)Dl. 
The young adult progeny from each cross were assayed without dox 
treatment (Dox-; stippled bars\ and with 1.0 mg/ml dox treatment 
(Dox+; black bars), as indicated. Control was the reporter line 
7TAdh(3)Dl alone. B The experiment in A was repeated using the 
reporter line 7T40(2)E1. ND, not done 
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transactivator stock was also tested in combination with 
reporter stock 7T40(2)E1 (Fig. 6B). Again the various 
transactivator lines varied with regard to background 
and maximal level of induction v and their activity rela- 
tive to each other was similar to that observed using the 
7TAdh reporter. Line rtTA(3)E2 was again found to 
have the lowest background, and to be the most active, 
yielding 100-fold induction of (J-gal in response to dox. 

One potential use of the dox-inducible system in 
Drosophila is in the analysis of the effects of specific 
genes on the aging process. Ideally, for such experi- 
ments, the system itself should not have any effect on 
life span. To characterize the system for effects on life 
span, several genetic backgrounds were tested for lon- 
gevity, with and without dox feeding. Wild-type flies 
exhibited no negative effects on life span when fed with 
0.1 mg/ml dox (Fig. 7A). Double transgenic flies 
(rtTA(2)Cl x 7TAdh(2)A2) expressed high levels of 
p-gal in response to 0.1 mg/ml dox (Fig, 4), and this ex- 
pression also had no detectable negative effects on life- 
span (Fig. 7A). Finally, a different combination of 
transactivator and reporter were tested. Transactivator 
rtTA(X)Al was crossed to reporter 7TAdh(3)Dl and 



age-synchronized cohorts of adult flies were treated 
throughout their adult lifespan with no dox, 0.01 mg/ml 
dox, or 1.0 mg/ml dox (Fig. 7B). Treatment with 
1.0 mg/ml dox was found to have a negative affect on 
life span. However, treatment with 0.01 mg/ml dox had 
no detectable affect on life span. The same results were 
obtained with several other combinations of rtTA and 
reporter lines (data not shown). Since 0.01 mg/ml dox 
and 0,1 mg/ml dox allow high-level induction of p-gal 
(Fig. 4), and have no detectable effect on lifespan 
(Fig 1\ these results suggest that the system should be 
useful for assaying the effects on life span of overex- 
pression of specific genes. 



Discussion 

The hybrid transcriptional activator (rtTA) consisting of 
the rtR fused to the transcriptional activation domain of 
the herpes virus protein VP16 has previously been 
shown to be capable of supporting dox-induced tran- 
scription in transgenic mice. The experiments presented 



Fig. 7A, B Affect of dox-in- 
duced (J-gal expression on 
Drosophila adult life span. A 
Wild-type Oregon R strain flies 
were treated throughout their 
adult lifespan either without 
dox {open squares) or with 
0.J mg/ml dox {filled squares), 
at 25° C. Flies were fed or 
mock-fed dox for 2 days, and 
then allowed to recover on 
standard media for 2 days, and 
this regimen was repeated until 
all the flies had died. The per- 
centage of flies surviving is 
plotted as a function of time in 
days. The same experiment was 
performed using progeny from 
cross rtTA(2)CI x 7TAdh(2)A2 
grown in the absence of dox 
(open circles) or in the presence 
of 0.1 mg/ml dox (dosed cir- 
cles). At least 200 flies were used 
for each of the four survival 
curves. B Progeny from the 
cross rtTA(X)Al x 7 
TAdh(3)Dl were grown 
throughout their adult life span 
in the absence of dox (open 
diamonds), or in the presence of 
0.01 mg/ml dox (filled squares), 
or 1.0 mg/ml dox (open squar- 
es), at 25° C. The number of 
flies used (n) for each survival 
curve is indicated. The different 
genotypes assayed in A and B 
vary in life span relative to each 
other, which is not unexpected 
due to the large effects of ge- 
netic background on life span 
(Curtsinger et al. 1995; Tower 
1996) 
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here demonstrate that this rtTA functions in transgenic 
Drosophila, and can activate transcription at boA the 
hsp70 and Adh core promoters when they are linked to 
tetO sequences. Since ail three reporter constructs per- 
formed similarly, the results suggest that in this system 
there is no significant difference in the effectiveness of 
the SV40 poly(A) signal relative to the hsp70jpo\yW 
signal, and no significant difference between the effect- 
less of the Adh hs P 70 and Ubx 5' UTR regions. Dox- 
induced transgene expression was detected in aU Ussues 
and induction ranged from 10- to 100-fold. Different 
transgenic hues containing the rtTA construct varied 
considerably in activity. Variation was observed in the 
maximal level of induction achieved, and in the amount 
of background activity observed in the absence of dox. 
This variation is likely to be due to chromosomal posi- 
tion effects on the expression of the rtTA transposon, 
and perhaps to other differences in the genetic back- 
ground of the lines. The different transgenic lines of the 
reporter constructs also varied in activity most proba- 
bly for the same reasons. The maximum degree of in- 
duction that was achieved was 100-fold. This is 
dramatically less than the five orders of magnitude in- 
duction obtained with the tet-on system in transgenic 
mice (Kistner et al. 1996). The maximal induction 
achieved in Drosophila is limited by at least two factors: 
First, the reporter constructs are slightly leaky, in that 
variable, low-level B-gal activity is detected even in the 
absence of the rtTA transactivator. Second, the ru a 
transactivator appears to be partially active even the 
absence of dox treatment, in that reporter plus trans- 
activator was often more active than reporter alone. Ihe 
first problem might be addressed by protecting the re- 
porter constructs from position effects with insulator 
elements (Roscman et al. 1993), and/or by identifying a 
less leaky core promoter. The second problem can be 
mitigated by identifying particular rtTA lines, such as 
rtTA(3)E2, which exhibit less background activation 
Finally, we hypothesize that the herpes virus VP16 
transcriptional activation domain used to create the 
rtTA transactivator may be better suited to interaction 
with the mammalian transcriptional machinery than 
with the Drosophila transcriptional machinery. This 
possibility may also be relevant to the slower time course 
of induction observed in Drosophila. 

Despite its limitations, this inducible system has 
several potential advantages relative to the use of heat 
shock gene promoters. The dox-inducible system should 
be useful for studying hsps, as it will allow the investi- 
gator to induce the expression of a single hsp, and ^po- 
tentially inhibit its expression with antisense RNA, 
without inducing the endogenous heat shock response. 
The dox- inducible system also allows the investigator to 
induce a gene of interest at any time during the life cycle. 
This is particularly relevant to study of the aging process 
(Curtsinger et al. 1995; Tower 1996), where it is often 
desirable to alter gene expression specifically ra the 
adult For example, constitutive over-expression ol 
Cu/Zn SOD may have beneficial effects on Drosophila 



life span but it also appears to have toxic affects during 
pupal development (ReveiUaud et al. 1991). Using the 
dox-inducible system it should be possible to avoid toxic 
effects during development and cause over-expression of 
transgenes specifically in the adult where beneficial ef- 
fects on life span may be more apparent. 

The dox-inducible system should be readily adaptable 
to tissue-specific induction. Replacement of the consti- 
tutive ActinSC promoter in the transactivator construct 
rtTA with a tissue-specific promoter should provide 
tissue-specific expression of the rtTA transactivator and 
thus tissue-specific induction of the reporter. An ^ elegant 
system for tissue-specific expression of the yeast GAL4 
tLsactivator has been developed for Drosophda (Brand 
and Perrimon 1993; Brand and Dormand 1995). In this 
case tissue-specific expression of the GAL4 transacuva- 
to is driven by an "enhancer-trap" system: the re- 
activator is under the control of a weak transcriptional 
promoter which can become activated in a tissue- and 
temporal-specific manner when the P element inserts 
near transcriptional enhancer sequences in the chromo- 
» The large variety of tissue- and temporal-specific 
GAM transactivator expression patterns generated thus 
allows tissue- and temporal-specific expression ot re- 
porter" type constructs containing GAL4 binding .sites 
foXr promoters. This system could be adapted to 
drive expression of the rtTA transactivator, thus creat- 
ing a large variety of tissue-specific expression patterns 

inducible by dox. „j„„, 
Finally, it may be possible to create dox-dependent 
mutations in Drosophila. P element constructs with 
transcriptional promoters directed out of the end i of ^tbe 
P element can cause over-expression and/or mis- 
exoression of genes near ihe site of insertion, sometimes 
cau ng dominant mutations (Rorth 1996; Hay et al 
1997) Creation of a P element with a dox-inducible 
promoter directed out of the P element into flanking 
E>NA sequences should sometimes cause dox-mduced 
over-expression of a gene near the insertion site. This 
method should thus yield conditional (dox-dependent) 
dominant, gain-of-function mutations which woiddte 
useful for many types of genetic analyses; such experi- 
ments are now underway. 
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GENETIC ENGINEERING OF MAMMALIAN EMBRYOS 1 - 2 - 3 
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ABSTRACT 

A gene consisting of the mouse metallothionein 1 promoter/regulator (MT) fused tc .the human 
^wXhormone (hGH) structural gene (MThGH) was microinjected mto rabb.t. sheep and lp.g 
Crvisualization of nuclear structures was accomplished by interference^™™* (I-C) rmcros- 
foTrabbit and sheep eggs and by ccntrifugation and 1-C microscopy for p.g eggs The gene 
■Zinld mto d£ chromosomes of each specie! with an efficiency of 13% in rabb.ts. 1% in sheep 

Sjwotd.: R.bblt.. Sh«p. Pig., Som.tK.pm, C"** W*"f- □«*.■> 



Introduction 

A variety of genes, particularly those involved 
in regulation of growth, have been introduced 
into mice. The rat and human growth hormone 
(GH) structural genes become stably integrated 
into the mouse genome, but they are not 
efficiently expressed (Hammer et aL, 1984a). In 
contrast, transgenic mice harboring fusion genes 
consisting of the mouse metallothionein pro- 
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moter/regulator (MT) fused to the vat <r), 
bovine (b) or human <h) GH structural gene 
exhibit high, metal inducible levels of GH 
mRNA in many organs, particularly the liver 
and intestine (Palmiter et al., 1982, 1983 ; 
Hammer et aL, 1985a). Most of the mice have 
substantial levels of foreign GH in their sera and 
show markedly enhanced growth rates and a 
doubling in adult body size. The genes generally 
become stably integrated into the germhne and 
are heritable with the transgenic offspring 
exhibiting enhanced growth. 

The application of gene transfer techniques 
to domestic species has been impeded primarily 
by the inability to visualize egg nuclei. By using 
interference-contrast microscopy (1-C) for rabbit 
and sheep eggs (Hammer et al., 1985c), and 
centrifugation and I-C microscopy for pig and 
cow eggs (Wall et al., 1985), nuclei become 
visible and can be microinjected. The purpose 
of this study was to determine if microinjected 
genes could become incorporated into the 
genome of other mammalian species and to 
determine if hGH gene expression would 
enhance growth rates. To test such possibilities, 
we microinjected mouse metallothionein-human 
growth hormone (MThGH) fusion gene into the 
nuclei of rabbit, sheep and pig eggs and exam- 
ined the resulting animals for gene integration 
and expression. 
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TABLE 1. SUPEROVULATION IN SHEEP AND PIGS 



Group 


Sheep 


Pig 


No. of females injected 

No. of females that ovulated 

No. of eggs collected/female that ovulated 

Egg recovery after expected time of ovulation, h l) 


205 
196 

10.4 ± .5 a 

18-25 


218 
1 K2 

23.4 ± 2.6 
18-27 



a Mcan ± SE. 

b Ew« were expected to ovulate 50 to 55 h following sponge removal ; gilts were expected roovulate 40 to 
44 h af«r admiration of human chorionic gonadotropin (Hunter and Dz.uk, 1968= Hunter, 1972). 



Materials and Methods 

Animal Treatment. The methods of hormone 
administration, estrous synchronization, breed- 
ing, embryo collection and transfer for mice, 
rabbits, sheep and pigs have been previously 
reported (Hammer et al., 1985c). 

Superovulation Efficiency. Progestogen- 
impregnated intra vaginal sponges were used in 
combination with multiple injections of porcine 
follicle stimulating hormone (FSH) to obtain 
superovulation in ewes (Armstrong and Evans, 
1983, Armstrong et al., 1983). With this 
regimen we obtained both a high mean ovulation 
rate (16.9%) and a high mean embryo yield 
(table 1), The relatively low embryo recovery 
rate (64%) was probably caused by fimbrial 
adhesions and scarring of oviductal tissue due 
to multiple use of some donors and failure to 
recover any eggs in some ewes that ovulated 
while the progesterone pessary was in place. 

In pigs, standardized superovulation tech- 
niques were utilized (Wall et al., 1985). F.gg 
yield per ovulating female was high (table 1), 
but 11.5% of female failed to ovulate and 11% 
developed cystic ovaries, some of which ovu- 
lated. The number of ovulation points per gilt 
could not be determined accurately because of 
ovarian adhesions and scarring caused by 
multiple uses of some donors. 

Microinjection and Nucleic Acid Analysis. A 
few hundred copies of a 2.6-kilobase BstElI/ 
EcoRI linear DNA fragment isolated from a 
plasmid containing the MThGH gene was 
microinjected as described (Hammer et al., 
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1985c). The number of copies of the MThGH 
gene that integrated was estimated by quantita- 
tive dot hybridization. The DNA from some of 
the transgenic animals also was analyzed by 
Southern blotting. The MThGH mRNA was 
measured by solution hybridization utilizing a 
complementary end-labeled 21 -base oligonucle- 
otide probe (Ornitz etal., 1985). 

Human Growth Hormone Analysis. Plasma 
samples were analyzed in duplicate at 2.5 and 
10 fi\ bv radioimmunoassay using a hGH anti- 
body (NlAMDD-anti-hGH-1 ) and reference 
standard (NIAMDD-hGH-RP-1) provided by Dr. 
RaitT (National Hormone and Pituitary Pro- 
gram) and radioiodinated (Miller et al., 1985) 
hGH (LER-hGH-1) provided by Dr. L. 
Reichert 8 . The hGH assay did not cross-react 
with porcine GH. Cross-reactivity with rabbit 
GH was not determined but plasma from 
non-transgenic rabbits did not cause displace- 
ment in the assay. Plasma samples were desig- 
nated as negative for hGH when an hGH 
concentration was less than 2 ng/ml (approxi- 
mately 15% inhibition of binding from buffer 
controls with 10-jiI samples). 

Results and Discussion 
Visualization of Egg Nuclei. Visualization of 
nuclei in eggs of domestic livestock has been 
the greatest impediment to the successful 
application of gene transfer by microinjection. 
Nuclei of mouse and rabbit eggs (figure la) are 
easily discernible with conventional light 
microscopic techniques. However, the cytoplasm 
of sheep eggs and, particularly, pie and cow 
eggs is so optically dense that other methods 
for visualization had to be developed. Deoxy- 
ribonucleic acid-specific fluorochromes have 
recently been utilized to localize nuclei in cow 
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Figure 1 Interference-contrast photomicrographs of one-cell fertilized ova from rabbit (a) and sheep <b) fol- 
lowing microinjection. Ova arc held bv a blunt holding pipette (diameter approximately 50 /im), and an injecting 
pipette (up diameter approximately 1.5 ,im) is seen within a pronucleus immediately following injection of buf- 
fer containing DNA. Microinjection is carried out under 250 x magnification using a Leitz microinjection appa- 
ratus. 
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(Crister et al., 1983; Minhas et ah, 1984), pig 
(Pursel et ah, 1985) and sheep eggs (R. E. 
Hammer, C. E. Rexroad and R. L. Brinster, 
unpublished observations). However, the appli- 
cations of these techniques as an aid to micro- 
injection seems limited because short exposure 
of Hoechst 33342- and 33258-stained pig (Wall 
ct al. t 1985) and sheep eggs to ultraviolet light 
(100 W) was cmbryotoxic. 

We found that sheep egg nuclei can be 
located with the aid of I-C microscopy (figure 
lb). Examination of fertilized sheep eggs by I-C 
microscopy and fluorescent microscopy using a 
DNA-specific fluorochome indicated that at 
least 80% of fluorescent pronuclei were visible 
with I-C microscopy. Pig and cow ova are so 
optically opaque that neither phase, dark 
field nor 1-C microscopy (figure 2a) are useful 
for visualizing nuclei. Centrifugarion has been 
used to stratify the cytoplasm of sea urchin 
embryos into a number of distinct layers, one 
of which contains the nucleus and is devoid of 
lipid and pigment (Harvey, 1956). Therefore, 
we explored the use of centrifugation to aid in 
visualizing nuclei in pig, cow and sheep eggs 
(Wall et al., 1985). Centrifugation of pig (figure 
2b) and cow (figure 3) ova at 15,000 x g for 5 
to 10 min markedly stratifies the cytoplasm, 
leaving the pronuclei or nuclei accessible to 
microinjection. While the cytoplasm of sheep 
eggs stratifies when subjected to 15,000 x g, 
centrifugation does not greatly improve visuali- 
zation. 

Microinjection and Embryo Survival. To 
determine the effects of 12 h of culture and the 
toxicity of nuclear-injected DNA (2 to 5 pi of 2 
ng//il) on sheep and pig egg development, we 
transferred cultured control and microinjected 
eggs into recipients and examined the develop- 
ment of recovered eggs. 

Only 26% of uninjected one- and two-cell 
sheep eggs and 52% of centrifuged uninjected 
pig eggs survived to blastocysts (table 2). Such a 
low percentage of development may be due, at 
least in part, to the trauma of extended culture. 
Injection of DNA further reduced embryo 
development by approximately 50% in each 
species (table 2). 

As indicated by a decrease in the number of 
eggs that developed to the morula/blastocyst 
stage in culture, and the lower recovery of 
injected eggs as fetuses from pscudopregnant 
females, microinjection of buffer into the male 
pronucleus of one-cell eggs was detrimental to 
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development. Injection of a DNA dose (2 ng/jui) 
that provides a high integration efficiency 
(27%) further diminishes mouse egg survival to 
blastocysts and fetuses (Brinster et al.. 1985). 

Integration Efficiency. In mice, both the 
form and concentration of -DNA, as well as the 
site of gene injection, are important factors for 
efficient integration (Brinster et al., 1985). 
Linear molecules of DNA integrate with much 
higher efficiency than circular forms, and 
nuclear deposition of DNA is more effective 
than cytoplasmic deposition. Because of our 
initial difficulty in visualizing pig egg nuclei we 
piloted gene transfer in pigs by cytoplasmic 
injection of one- and two-cell eggs. None of the 
fetuses that developed from these eggs contained 
integrated MThGH sequences (table 3). In 
contrast, nuclear injection of centrifuged pig 
eggs resulted in an. integration efficiency of 
approximately 10%. Integration frequency 
was 12.8 and 1.3% in the rabbit and sheep, 
respectively (table 3). 

These efficiencies of integration, particularly 
in the sheep, are much lower than rates we 
currently obtain in mice (27%). Because of the 
difficulty and expense in obtaining large 
numbers of pig and sheep eggs, it has been 
difficult to examine factors which may influence 
integration rate. The frequency of integration 
for these species (table 3) has resulted from us- 
ing conditions that were shown to be optimal 
for mouse eggs (Brinster etal., 1985). Both the 
age of the ovum and the structure of the host 
chromosomes may be important factors for 
integration. Efficiency in the rabbit has been 
improved to approximately 30% by injecting 
eggs in the early pronuclear stage (data not 
shown), as compared with injecting near the 
time of one-cell cleavage. Such considerations 
may be equally important in other species. 

Reasons for the extremely low integration 
efficiency in sheep is puzzling. Although none 
of the lambs that developed from cytoplasmic- 
ally injected eggs contained integrated DNA 
(data not shown), we anticipated markedly 
improved efficiency when we began microin- 
jecting into the nucleus. Such a dramatic 
increase has not occurred. 

The pattern of DNA integration in MThGH 
rabbits and pigs was similar to that observed in 
mice. The number of copies of the integrated 
gene varied from 1 to 490 per cell. Southern 
analysis verified that all the transgenic rabbits 
and pigs contained intact copies of MThGH, 
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Fieure 2 Interference -contrast photomicrographs of one-cell fertilized pig ova before (a) and fo ' lo «j"g 
cenSEStfon anc ( microinjection. Lcine o« have been centrifuged at 15,000 X g for 3 m,n to reveai the pro- 

nuclei. 
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H^H^ of ^wo^ cow cgg following microinjection. The inject- 

ing SJSet sTwUhin the nuclei of a blastomere follow.ng u.j««n. 



with many oriented in tandem head-to-snl 
arrays, as well as some in head-to-hcad config- 
uration. Restriction analysis of DNA isolated 
from the one transgenic sheep indicated that 
the MThG H gene was not intact. 

Expression of MTbGII Genes. The mouse 
metallothionein gene is expressed in many 
tissues, particularly in large secretory organs 
such as liver, kidney and intestine. The gene has 
a transcriptional promoter that is regulated by 
heavy metals such as cadmium and zinc. The 
promoter functions when transfected into 
human (Mayo et ah, 1982) and rabbit (R. D. 



Palmiter, unpublished observations) tissue cul- 
ture cells, and has been shown to provide 
regulable expression of the rat, bovine and 
human GH genes in transgenic mice. These 
results led us to choose this promoter to begin 
our work in introducing genes into other 
mammalian species. 

Four of the 16 MThGH rabbits had detect- 
able levels of hGH mRNA in the liver and one 
animal (200-3) had substantia! levels (table 4). 
Tissue-specific expression was examined in 
more detail in one of the founder rabbits 
(163-3). The small intestine contained the 



highest quantity 
kidney and testi 
able levels (dara 
mRNA content 
quantitated to a 
resulting from j 
less, MThGH ml 
the founder pi; 
examination of 




a Eggs were m 
^The numbes 
theses are the nu 
c Thc numbe 
MThGH animals 

d The numbt 
animals express 
mRNA. ND = n- 

€ Data for mi 
^Integration 
injected and coi 
£pigs con tail 



TABLE 2. EFFECT OF DNA MirROlNlECTlON ONBMBRYO SURVIVAL TO BLASTOCYST 
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TABLE 3. EFFiCIENCYOFG^ 



Species Site of injection 
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integrated genc c 



Animals express- 
ing the gcne d 
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Cytoplasm 
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946 

1,907 

1,032 
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2,035 



224 (25) 
111(12) 

218(11) 

73 (7) 

42 (9) 
192 (9) 



2 (1) 
39 (35) 

28 (13) 

1 (1) 
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ND 

23 (59) 
4 (25) 
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ll g (61) 



c Thc number of animals that incorporated the mjectea u 
MThGH animals/total number of animals produced. Barentneses a rc the number of MThGH 

mKNA. ND = not determined. 

'Data for mice are from Brinstcr et al. (1985) cggs only or 

W*. efficiency for pigs based d *™ 

injected^ control eggs (Hammer et a!.. 1985c). j g ^ ^ tor nClH . 

Sp ig5 containing detectable plasma human growth hormone. 
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'Animals without identified gender were sacrificed as fetuses. 
b Liver MThGH mRNA was quantitatcd. 
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d Female. 

C ND = not determined. 
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fimj^e^" Inttrf « photo micrograph of a two^U cow egg following microinjection. The inject- 

ing pipette is seen within the nucleus of a blastomere following injection. 



with many oriented in randan head-to-tail 
arrays, as well as some in head-to-head config- 
uration. Restriction analysis of DNA isolated 
from the one transgenic sheep indicated that 
the MThGH gene was not intact. 

Expression of MThGH Genes. The mouse 
metallothionein gene is expressed in many 
tissues, particularly in large secretory organs 
such as liver, kidney and intestine. The gene has 
a transcriptional promoter that is regulated by 
heavy metals such as cadmium and zinc. The 
promoter functions when transfected into 
human (Mayo et al. t 1982) and rabbit (R. D. 



Palmiter, unpublished observations) tissue cul- 
ture cells, and has been shown to provide 
regulable expression of the rat, bovine and 
human GH genes in transgenic mice. These 
results led us to choose this promoter to begin 
our work in introducing genes into other 
mammalian species. 

Four of the 16 MThGH rabbits had detect- 
able levels of hGH mRNA in the liver and one 
animal (200-3) had substantial levels (table 4). 
Tissue-specific expression was examined in 
more detail in one of the founder rabbits 
(163-3). The small intestine contained the 
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TABLE 2. EFFECT OF DNA MICROINJECTION ON EMBRYO SURVIVAL TO BLASTOCYST^ 



Group 



Sheep 



Pig 



Un injected* 

Microinjected 4 ** with DNA 



28/108 (26) c 
24/233 (10) 



22/42 (52) 
39/165 <23) 



fer. Recovered eggs having a visible cavity were classified as blastocysts. 

Pronuclei or nuclei of sheep and pig eggs were microinjected with a so.ution containing 2 ng/,1 of MThGH 
genes Eggs were transferred approximately 3 to 5 h following micromotion of DNA. 



blastocysts per eggs transferred. Numbers in parentheses represent percent. 
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« ™ MThGH TRANSGENIC RABBITS AND SHEEP 
TABLE 4. CHARACTERISTICS^^ 

Gene copy, no ./cell 



Animal 1 and sex 



hGH mRNA D , 
molecules/cell 



Immunoassayable 
hGH, ng/ml 



163-3 C 
200-3 
68-3 
221-1 

693-l d 



3 
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'Animals without identified gender were sacrificed as fetuses. 

b Liver MThGH mRNA was quantitatcd. 

c Maic. 

d Female. 

C ND = not determined. 
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able levels of hGH at birth and by 90 d of age 
hGH had increased substantially in five of these 
pigs (table 5). In addition, five of the six pigs 
that were negative for hGH at birth had low but 
detectable levels at 90 d of age. In MThGH 
mice, hGH mRNA is present -in fetal liver as 
early as d 13 of gestation (R. Palmiter, unpub- 
lished observation). However, the developmental 
pattern of MThGH expression in mice and pigs 
has not been fully explored. 

Effect of Foreign GH on Growth. Many of 
the founder transgenic mice bearing MT-GH 
fusion constructs show up to i z fourfold en- 
hancement in growth rate during the maximum 
growth phase. Enhanced growth is evident by 3 
wk of age and growth rates by 11 wk have 
begun to plateau at about twice normal body 
size (Palmiter et al., 1983; Hammer et al. f 
1984a). Although the MT promoter is responsive 
to heavy metals and GH mRNA levels increase 
as a result of metal induction, the additional 
GH does not further enhance growth (Hammer 
et al., 1984b). Thus, in mice the constitutive 



activity of the MT promoter provides enough 
foreign GH to stimulate growth maximally. 

The effects of hGH on growth of transgenic 
rabbits has not been evaluated. The animal that 
had detectable hGH levels had malocclusion, 
which impaired food consumption. In pigs, 
hGH in the serum of expressing animals did not 
increase weight gain (table o;. Transgenic 
offspring and full-sib littermate controls will 
need to be generated to determine precisely 
the effect of hGH on growth rates and feed 
efficiency. However, these preliminary data 
indicate that hGH will not dramatically alter 
growth performance. Such findings may not be 
surprising since injections of recombinantly 
derived hGH had only a weak growth-promoting 
effect in pigs (Baile et al., 1983). In contrast, 
injections of porcine (p) GH (22 pg'kg^ 1 
body wfd" 1 ) into pigs stimulated growth by 
10% and improved feed efficiency by 4% 
(Chung et al., 1985). Larger doses of pGH (70 
Mg'kff 1 body wfd" 1 ) further enhance swine 
growth rates and feed efficiency (21%) and the 
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Animal 


Sex a 


Gene copy, noVcell 


hGH 


11-2 


M 


1 


0 


16-9 


M 


1 


5 


21-4 


M 


1 


2 


21-5 


F 


1 


0 


20-2 


M 


2 


4 


25-4 


F 


2 


0 


16-3 


F 


3 


0 


17-4 f 


F 


3 


0 


18-3 d 


F 


3 


6 


23-8 


F 


7 


41 


16-8 C 


F 


10 


18 


25-2 


F 


17 


0 


10-4 


F 


23 


0 


22-l e 


F 


50 


24 


7-3* 


F 


90 


12 


20-8 


M 


110 


1 


3-2 


M 


330 


26 


3-6 


M 


490 


53 


a M = male, F = female. 
^NEG = negative. 

c P]asma sample was taken at 60 d of age. 
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further enhance swine 
fficiency (21%) and the 



GS 

loassayable hGH (ng/ml) 
90 d 



20 
72 
2 

NEC 
337 c 
2 
32 



2,435 

584 
3 



113 
3 
48 
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TABLE 6. GROWTH PERFORMANCE OF MThGH TRANSGENIC PICS* 
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MThGH pigs c 



Item 



Control pigsb 



Non-*xpressors 



Exprcssors 



No. of animals 
Avg daily gain, kg 



.78 ± .03 



.69 * .02 



.63 t .04 



-The experimental period began from an initial body weight of 30 kg and terminated at »0 kg. Values are 
m Jsl 5tW?« fed a corn "soybean diet containing approximately 16% protem. 
b Control pigs were non-transgenic littermates of experimental animals. 

c MThGH transgenic pigs are founder animal, listed in table 5. Expression is based on the presence of ,m- 
munoassayablc plasma hGH. 



linearity of such responses suggests the possibil- 
ity that even higher doses may further stimulate 
growth performance (Rebhun et al., 1985). 
Thus, introducing the porcine GH gene into 
pigs under the control of the mouse or human 
MT promoter or an alternative promoter may 
provide sufficient plasma pGH levels to enhance 
growth. 

Alternatively, genes coding for other peptides 
involved in growth regulation may be introduced 
into domestic species. Expression of a mouse 
MT-human growth hormone-releasing factor 
(hGRF) gene in transgenic mice increases 
somatic growth by elevating endogenous GH 
levels (Hammer et ah, 1985b); in steers injec- 
tions of hGRF increase serum GH concentra- 
tions (Mosley et al.. 1985). Genes coding for 
somatomedins or insulin-like growth factors 
(IGF) I and II have been cloned (Jansen et al., 
1983; Bell et al., 1984; Ullrich et al., 1984) 
and, while the consequences of IGF expression 
from foreign genes in mice have not yet been 
explored, it seems possible that enhanced 
growth performance will result. Such pos- 
sibilities and applications in livestock await 
further investigation. 
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Integration, expression and germ-line transmission of 
growth-related genes in pigs 
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Summary. We have produce, — ^SS£S 
and human growth hormone (bGH and Ug»MQ the MTor 

( MT) promoter, human t^**™?^ (hIGF-I) 
mouse a.bumin (ALB) promoter and ' ^'T^,,^ ova developed into 
ligated to MT promoter. From 0-31 to 1 03 /« _o J was present in plasma of 

transgenic pigs with the vanous ^ff^I^^ V J T wo of 7 pigs with 
61% of the MT-hGH and 89% of the MT 7^" ^S^^tion, of GRF in 
MT-hGRF and all 3 ALB-hGRF ^ OT^C^ higher in GRF 

their plasma, but plasma concentrates of porctne GF concentrations at 
transgenic pigs than in pigs and 5 to 944 ng 

birth ranged from 3 to 949 ng hGH/ml for ^^^TJ^ GH depressed 
bGH/ml for MT-bGH transgenic pigs . Presence £ ^ gn ^ 

endogenous pGH aboJt 30mg/dl, and 

was elevated more than 2-fold, P lasm \f ^*^ ng control pigs. Two linesof 
plasmainsulinw^ 

pigs expresstng the MT-bGH t r an W a m ^ Mtrol pigs . 

m0 re tot » ^^ 3 a g marked repartiti0 nin g of nutrients 
Expression of the MT-bGH component s, including muscle, skm, bone 
from subcutaneous bGH in transgenic pigs was dem- 

and certain organs. The pe^tent ^ ^ M preva)ent 

mental to general health, lameness lethargy a g an oestrous. Germ- 

problems. Gilts that expressed he hGH Qic boars and 4 of 5 non- 

line transmission was obtained in 4 of 5 expressing tra g & 

expressing transgenic boars and_ f^Jl progeny of MT-hGH, MT-bGH 
transgene from founder transgenics .AT t«n»«J0Kpj0g y ^ ^ 

to the concentration present in the founder transgenic. 
Keywords, pig; transgenic; growth; gene transfer; gene expression 
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, in 1980 (see review by Brinster & Palmiter, 1986; Palmiter 

Zzz&ZSs&'ZzZ " ai — " lhe po,en,ial ° ffered bv 

gene transfer (Palmiter ,/ a /. 1982) p ^ mouse which we subseque ntly 

The general strategy used * a/, 1987, 1989b), was to insert foreign growth- 

applied to pigs (H^^^SJ^ P --ote; to direct the production of peptides ,a 

^2^^ gene mtegrafon rate, the 

J^^SS^^^ ^ L ~ germ - ,ine 

transmission of several growth-regulating genes in pigs. 



Transfer of fusion genes 

Fusion genes c i a 

Grow th-related fusvon genes that we introduced into the genome of pigs are shown >n F* 1 A 
mouse metallothionein (MT) promoter was used to ^^J^^^J^ f ac - 
addition, a mouse albumin (ALB) promoter was usea wi« i »u" b , trlictura i eenes were 

tor (hGRF). The human and bovine growth hormone (hGH and bOM) struc » 
SnSm genomic DNA libraries ^^J^-^S^^ ^ « 

;r c om P oXf a cD^A sequence and a signal peptide from a rat somatostatin gene. 



mMT-hGH 



mMT-bGH 



mMT-hGRF 




mALB-hGRF EcoRV 



Bglll/Smal 



Hindlll 
I 



mMT-hIGF-I EcoRi 

I 



Narl/Avall 



Bam Hi/Asp 
I 



Hindlll 
I 



Fig. 1. Diagram of fusion genes that were excised from plasm.ds and n™j£Urf ' nt ° ™™s 
Sected restriction sites for each construct are shown. The Promoter "J*^^^ 
are a stippled box, exons are solid, and introns are open boxes. The horizontal lined 
mMT-hIGF-I represents a signal peptide from a rat somatostatin gene. 
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Microinjection transgenic pigs is the microinjection of genes into a 

interference-contrast microscopy. 

Synchrony of donors and recipients hormonally synchronized by 

Oestrous cycles of all donor and many re c^JJ^ were injec ted with pregnant mares 
treatment with altrenogest or methalhbure. Dono gU subsequ ently were injected with 

Turn gonadotroph* (PMSG) ^^^^Z PMSG imLon to induce ovulaUon. 
human chorionic gonadotrophm ( hCG >/ 8 . 8 " *' hCG injecti on. 

Hormonally synchronized recipients ™^^™2pi** females influenced the farrow- 
The synchrony of the oestrous cycle so ^ e donor ana P ^ ova were either 

ing rate obtained after the transfer of wi f h do nor gilts or transferred into 

transferred into recipients that ^f^'^^yed). The farrowing rate of recipient 

fn synchrony with the donor gilts (Table 1). 

Table 1. Pregnancy rate and litter 
ovulating in synchrony wither 11-17 n alter aonu 
;«i**rtf»n ova 





No. of 
recipients 


Pregnant 


Pigs or fetuses 


Ovulation in 
recipient 


No. % 


Mean s.e.m. 


Synchronous 
Delayed 


21 
25 


9 43* 
18 72* 


8-6 0-83 
8-2 0-59 


*p < 005 (x 2 


= 3-99). 







Wheneverpossib^^^^ 
donors. However, during the '^l*^ 

ovulation were available, or ,f recipients thar were hormo y^ ^ ^ 

not ovulate, then naturally cychc gilts or w P ere still in oestrus on the following 

the morning after the donors received » "^^^^ the farrow ing rate of the natural* 
morning. The results that are summariz^ in XaWe 2 jhow^n ^ ^ significantly 

cyclic gilts and sows was similar to that of "^^^^ Vesults are influenced by the 8- 
lower fhan for the recipients with f^^^^SSd ova were subjected to accommodate 
i£^«5EE H£?ZSLL*> - micromotion and subseouent 
return to Beltsville for transfer into recipients. 

Gene integration 
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a litter size of recipient gilts 
Table 2. Pregnancy o ^, a 7 n JX r donors of microinjected 
ovulating naturally or u ^ 




•fin oesuua v» •» — - f t d ova 

—ne^ 

tha t resulted in transgen g (T^le ) ^ ^ ^ b e s lg h t iowe t 

reported by Brem etal. (198 5, 19» a d by Polge « al . ( W9M r f , 

! 42% reported by V,ze et al afl efficiency averaging in excess 

of the same fusion genes into m.ce result 

1985). , , , 

Table 3. Efficiency of transferring g _ 



No. of 

No. of ova recipient 
injected S ilts 



Expressing 

pSSnt Offsprin, JTransgenic_ transgene 




1988). 

Expression of integrated transgenes 
Incidence of expression transgenic pigs and 8 of 9 (89%) 
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(Hammer el al., 1 985b). *e . chro mosomal 

nqR^ found n mice that genes w muu 

g S .h= *«» •» mice harbouring .be »™*T>W 

wiih the high cor.«nt„>t.°» of J „„, detecub i t , e vcU of bGH mRN A 



Pig line 



Generation 



Plasma 
bGH 
(ng/ml) 



Liver 



Line 37-06 
37-06 
67-06 
67-07 
\ 36-01 
136-02 

136- 03 

137- 02 
140-02 
Line 31-04 
115-14 
182-07 
185—03 



GO 
Gl 
Gl 

G2 
G2 
G2 
G2 
G2 

Gl 
G2 
G2 



45 
111 

70 
183 

38 
29 
39 
53 

1089 
822 
2138 



0 

45 
31 
56 
43 
0 
0 
0 

1720 
690 
870 



Kidney 


Heart 


150 


360 


0 


0 


0 


0 


0 


0 


23 


0 


0 


0 


0 


0 


0 


0 


2320 


18 


no 


NA 


1170 


15 



Gonad 


Lung 


50 


0 


0 


0 


55 


0 


NAt 


70 


NA 


0 


NA 


12 


21 


20 


0 


14 


500 


0 


203 


140 


300 


57 



Adrenal 


Pancreas 


0 


0 


14 


45 


13 


285 


0 


65 


14 


75 


0 


55 


5 


12 


0 


0 


975 


70 


965 


510 


2250 


2150 



" . . __pkia was measured oy soiuuuu uj^ — - 

^ nudeic adds were ^^^^Z SSSK * assuming 6-4 pg DNA per «0. 0 - W- 

using a 32 P-labelled oligonucleotide. Molecules per cc 

. . • UnjilrnrAimrl 



using a ' 

than twice background. 
tNA = not assayed. 



Level of gene expression integrated the same 

The level of gene expression varied greatly among ^^J^Xds'io^ngbOH/ 



V G. PurseUtzl 

positively correlated (P < ™) ^ Al ^ hGRF was 

in Fi S- 2 - «r ORF in plasma of transgenic pigs witn m i afe l0 . t0 

In transgenic "^^J^S^ than 10-fold after zmc was «kW** ^ 



The rapid rate of srowtl, and large fc* . - «f-» £ ^St. „ 6r ea,,, 
„/ 1982 1983) created the expectalton that the "»''■» „ p<llat ion of MT-hGH and MT- 

valuTof P«" K "°' ^T'^rTjSeo *»y with "Ogenou, pGH whtch 

Tto! resuli •» comparable to those ratted forces mjecKd ° y (iati011 , of 

IT™W increases '» ^ ^^^.(^l « »' ^''r," d 

Pig The founder MT-hGH and MT-bGH transgenic , pg were fed J n thei r 

orotein L may not have provided sufficient profci ' ° r ^ J pGH indicate that max.mal 
UUeZe controls. Recent studies using P .gs mjecfcd ^^J n and , particularly lysine 
^rowTh ate is attained only if the ^,^^1^^.^ ^ ^ ° fd S 
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10000 




90 

Age (days) 

simile MT-bGH founder transgenic pig. The numoer 
pig is indicated at the right (after Miller et al, 1989). 



600-i (a) 



1 (b) 




r . i /iop n in (a^ plasma from control 
Fig . 3. Concentrations of insulin-like ^owth » ( JP^ of e and (b) 
Jf- 3) and MT-hGH f. X 6{and n MT-SGH^xpre^Ling(bGH; N = 6) pigs from 0 to 5 months 

^SS^^^^^ l989) 

i ^ntrxt erowth is dramatically increased in mice 
achievmg greatly accelerated growth ^^^ sm , whic h have great* enhance, 
expressing GH transgenes or m rats with a u 

foc^ intake (McCuskerA Campion 986)^ c , ^ 1989b) and G2 

MT-bGH founder transgenic p.gs were \t /o m ^ food in to 

progeny of MT-bGH 37-06 hne transgenic p.gs were 18 A ,m ^ ^ quUe simll 

L%^ g amtha„^ 
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Glucoset (mg/dl) 
Cortisol! (ng/ml) 
lnsulint (pg/ ml ) 
Prolactint (ng/ml) 
T 3 i (ng/ml) 
T 4 t (ng/mD 



72 +5 00) 
39 ±9 (6) 
24 ±4 (10) 
3-9 ±0-5 (10) 
1-2 ±0-3 (6) 
49 ±4 (6) 



10 9 + 13 (10) 
37 ± ^ W 
480 ±118 (10) 
2-3 ± 0-4(10) 
1-3 ± 0-2 (7) 
29 ± 3 (7) 



P = 0011 
f> = 0-84 
p = 0001 
/> = 0021, 
p = 0-68 
/> = 0003 



T 4 J (ng/ml) — ~ -theses T, = triiodo- 

Z^TT^^^^ ted ,n parentheses. , 

Values are mean ± s.e.m. >" 

thyromne; T. v = th^owne rf variance 

•Comparison by leasi 

t B°ood collected after ™™^ {gs 

JBlood collected from cumulated ptgl- 



transgenic pigs (3<HW*g 




31-04$ 



Control 
Transgenic 

Control 
Transgenic 



813 ± 17 (23) 
903 ±23 (13) 
p = 0-002 

869 ±43 (7) 
988 ±62 (7) 
P = 0-15 



2-99 ±0-12(8) 
2-46 ±0-16 (5) 
p =: 0 026 

ND§ 
ND§ 



. — T^oTThe no. of animaTnT^eses, and 

• x4T hfiH and MT-bGH transgenes have 

ta transgenic pigs .b«* & ° V M. SVcSlon, unpublished i data y ^ 

than for control ptgs G-P u ^._ hGH or MT _bGH transgcnc extab si8> lethar gy ( 

Pigs ««™^ t S^Sif-«^«^ » stres , s ' ^g^SiC^w in joinls ' 

problems, including lamene ss d £l fl/ 198 7, 1W P transge ne 

anoestrus in gilts, ^.^^J^i, was also reported in a ««^ B ^ ( Ev0 ck « «/-. 
characteristic of osteochondritis disse^a ^ exogen ous P GH for 57 _ daysA . fi 

(Ebert « a/., 1988) "hfinefdence of these patholog,cal condit.ons was 

1988). In contrast, no increase in 
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• , ^Pursel el al, 1987) or in transgen.c pigs 
• HPH or MT-bGH transgenic pigs (Pursel 

non-expressing MT-hGH or i fl/ , 989) nrf , ntrat ions of GH are quite 

that expressed only low levels of WH* g d tQ hlgh concent aboM o ^ 

Many of the hea.th P^£ 0 ^ " lower ™^J?J^^ at'slaughter 
prevalent in the general p g pop^au were t ,„ lf > W % o ma ^ 8 ^ which 

whether these ailments J; of theS e conditions. M T-hGH or MT- 

W as rigidly selected for * impaired in pigs expressing either the Mi Qf 

along with investigation of the potential 
involved in growth. 

Transmission of transgenes 

.n.Mf it will be essential that these 

mj£»t proOT r^OT Wl« 1) One of 4 MT-hGH no«ip™«« 

express the transgene. 
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TaMe7- Transmission 



of growth-regulating transgenes from 



transgenic founder pigs to progeny 




Fusion 
gene 



MT-hGH 

MT-bGH 
MT-hGRF 



Expressing 



Founder 


Sex 


3-02 


M 


10-04 


F 


U-02 


M 


16-03 


F 


21-04 


M 


25-04 


F 


29-01 


M 


31-04 


M 


37-06 


M 


86-04 


M 



No. of 
gene 
copies 



330 
23 
I 

3 
1 
2 

5 

28 
3 

100 



No 

No 

Yes 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 



No. of 
litters 



No. - 




born 


No. 


52 


17 


12 


5 


13 


3 


33 


0 


52 


\ 


8 


5 


36 


0 


19 


6 


11 


8 


20 


11 




33 

42 

23 
0 
2 

63 

0 
32 
73 

55 



2 
0 
3 
0 
0 
0 

0 
6 
8 

10/10 



12 
0 

100 
0 
0 
0 

0 
100 
100 

100 



while pigs in the MT-bGH JHK> fimU pr0Vlde evidence ™ l ^ same 

over 4 generates (Purse \ et a function m descend ants 

become stably integrated into the pig genoi 
ma "ner as they did in the founder transgenic. 

. • ,v,» r,RF oies- A. D. Mitchell, 
We thank K E. Mayo and L. A. Frohman for ^^^Z^ss composition; 
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olites. This work was supported in part by resear g 
(HD-09172) to R.D.P. 



r Rrcnip B., Goodman, H.M., SeUen, R.C 
2* F J Wtato, E*to-B* H. (1985) 

4438-4442. 



References 

Brins,*, RX ^^JS^^StS- 
R.E. & P»lmlter, R-D. (198B) ln "°' „ nat „. 
Optional efficiency intran S gen 1C m.ce. Proc. 

Acad. Sci. USA 85, 836-840. McMu rtry, 
Campbell, R.G., Steele N.C.J Caj*ma ; IJ ^ 
J.P., Solomon, M.B. & M,MBeu, * w / and endo- 
; lat'ionships between ^tion on 

genous porcine growth ^mMi* *min» prot ein 

t performance -ighing 25 

and energy metabohsm of growmgp g* ^ 

to 55 kilograms Uve weight. J- Anim 

1643-1655. _ ranern a,T.J., McMurtry, 

pigs.7. Amm. Sci. 67, 177-186. 



Genetic engineering of pigs 



87 



Ebert, K.M., Low, M J ^" Lee, A., Mandel, G. 
& Goodman, R.H. (1988) A mo b f dogicaUy active 

totropin fusion ^jg^M fi^- 
somatotropin in a transgenic i> 5 

2,277-283. C Si & iyy, R.E. 

Ev«k, CM., EAert ^; D 6 ; 0 S hormone (pGH) and 
(1 988)P.tu,tary^raneg^„ ujate 

1928-1941 R H Kropf D.H., 

O^^SSS^-tETFS. GX. (1988) 
Thaler, R.C., Schncke '' " „ tr0Din (PST) and dietary 
The effect of porcmesom^P^ ' 

ly sine level on „ Bto ,. Sci. 66 

characteristics of finishing swim 

(Suppl. l)- 95 -^ R , & Palmiter, R.D. (1985a) 

u 315,41 Rl 16 pursel V.G.,Re*ro.d,C.E.,Jr,WalL 
Hammer, R.E., "»"«J^J ' K M Palmiter, R.D. & 

r • - L (198^od«aion of transgenic rab- 

E^ptgSy microinjection. W 

315,680-683. . r F lr wall, 

- or Pnrscl V.G., Rexroad, *» r » 

Hammer, ^ P*^™*» R D & Brinster, R.L, 

£n<focr. 120, 481-488. McKeith, 
Newcomb, M.D., Grebne. ; GX. ^BecMd, 

F.K., Novakofsk., J McLaren, D-G • ^ 

Loil. Iowa ^Ute University Pres. A--. ^ 
Palmiter, R.D. & Brmster, RX. (HH» 

formation of mice. /Inn- Gene '- iu ' w 



M.E., Rosenfeld, M.G., ^°" B ' . lhat deve iop 

R - M - (1982) ?r^w^e ^ Sotin-growth 
from eggs micromjected w> mm 6U -615. 
hormone fusion genes. J£ Hammer, 

P«/^'^ 0 ?f(S3)M e ta«othionein-human 
R.E. & Bnnster, RX. irw> s f /«ce. 
OH fusion genes stimulate growth oi m 
NY 222, 809-814. Sltfam , M.A.H., Miller, 

Polge, EJ.C B ^° n, I ^l ^.vis, A.J., Goode, 
J.R., Wagner, T., jP^^4 e ap R.B. (1989) Induced 
J.A., Foxcroft, G.R. * ^£ m0 U construct in 
expression of a b ^ ,n ^™. of Growth Regu- 
lra „sgemc pigs, in f££« P , C G. Prosser & 
a/ion, PP- 1 89-19* • p.- erientific London. 
G. E. Lamming. Butterworth Saenttfic. r p 

Pursel, V.G., Rexroad, C.E., Jr, Bou, palmiter 
W^RJpH^V^J^onge'netransfer 

pjftl ^.^trt 2SS. rx. 

Hammer, R.E., P ^; h h 0 rmone genes into pig 
(1989a) Insertion of S™ wlh A £ egu , a tion, pp. 

^ !fn££i.TSE Brinster, R.L & 

stock. 5«>nce, tfy 244, l^ 12 ^ C . A . ( 
V.G., Bolt. Mto. ^ J** R.L. 
Hammer, R.E., Palmiter, R.D. * ■» ic 

(1 990) Expression and Pf ^ 

Reiland, S., Orfleu, ^T^^^ndrosis body consti- 

K.E.,Frohman, L.A., Palmiter, K.u.« 

regulating genes. Wo ^eprod. 
Robinson, 1.CA.F. & CJJJJ;^ insu in -like growth 

actor-I m & ^ R g H eap, C. G. Prosser & 

g'e Ummmg Butterworth Scientific London, 
no MiZbka, A.E., Ashman, R.» Lloyd, B., 
Vtae, P- D - Mh *S p wells, J.R.E. & Seamark, 
Wl9W iSeJta. ^^f a porcine growth hor- 
^ ?usiL gene into transgenic pigs promotes 

/)ev/ B/o/. 118, 9-18. 



a an fee hormonal 
J. EadocrinoL 12;! 

of fautependeoce: 
*e Principles and 
£cal Research, pp 
San Francisco, CA, 
1982. Effect of 
on luteinizing hor- 
tf caws. J. Dairy Sd." 

stro behavior of the 
of progestogen,;. 




•1 



to ANSFERRIN- AND ALBUMIN-DIRECTED EXPRESSION 
TBANSFER 0^ GROWTH-RELATED PEPTIDES 
IN TRANSGENIC SHEEP 1 

and R. L. Brinster 7 
U.S. Department of Agriculture, Beltsvflle, MD 20705 
ABSTRACT 

thecal sequences encoding ^^^^Sonnone-rele^ing factor 
Sdb) enhancer^rornoter fused to toe ^"^^pSccntage of resulting tramgemc 
GRF) were micminjected into ^ A S^Tefevated plasma concentra- 

S«p chronically expressed toe res P^ e .^v^ hSonc-releasing factor expression 
tionsof circulating GH or GRF. f^^^ZoLdoa. In addition, elevated levels 
toduced elevated plasma levekof G » ^bovine GH-expressmg Trf 

rireaiating insulin-like growth factor-I were ^ to controls were not 

£2** Growth of these ^^SSXt SE* condition exhibited 
5S in pit. this maybe -*^££^£^Td and Alb enhancer/ 
bTboto transgenic strategies for expressing growth- 

promoters are active in sheep and ^^Se flowth in sheep. . D , . 

Sated genes may be requ^ ^^^Hormones, Hypothalamic Releasmg 
Key Words: Transgenics, Sheep, Genes, urow , 

Honn0n6S j^m. Sei. 1991. 6*2995-3004 



Introduction 
Genetic improvement of livestock Jby selec- 
tion^quircs many years. Transfer of foreign 
gLeTtoto the germ line may l«g«g 
Lprovcment of production traits of livestock 

National Hormone and Pituitary Agency for fce gin 01 
anti-IGF-I tabbn senrm. 

J^tEEE* ■* Center. BeUJvifle, MD 

207 Wd Hughes Med. Ins,., Univ. of Washington, 

■-SSLl ? of Pennsylvania. Lab- of Rcp,od. Physiol.. 
Philadelphia 19104. 

Received September 13. 1990. 

Accepted January 31. 1991. 



/ti« m ««- et aL 1985c; Pursel et aL, 1989). 

nX^Srmon^ 16 ^ ■» 
regulated by the mouse metal- 
EeinlOT promoter in t^sge^cnuc, 
-suited in chronically elevated levels of 
SSting foreign GH and -^°us GH, 
resnectively (Pahrriter et aL, 1982, 19W. 

mature body size increased ^P?™*™ 
o^nsgcroc littennate mice. Ectopic expres- 

sheep and pigs increased ^™ 
forekn GH (Hammer et al., 1985a, Pursei ^ei 
S.1987; Ebert et aL. 1988; Vize et aL 1988 
Re'xroad et aL, 1989; Ward et aL, 1989). 
£££ express of MT-GRF ft-on genes 
ScnLed ckculating concentrations of endoge- 
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and methods for details. 



nous GH in transgenic sheep but not in pigs 
(Pursel et al., 1989; Rexroad et aL, 1989). 
Growth efficiency improved, whereas backfat 
and total body lipid decreased in transgenic 
pigs chronically expressing bovine GH (Pursel 
et aL, 1989). Carcass fat content decreased in 
transgenic lambs expressing ovine GH genes 
(Ward et al., 1989). Pathological conditions 
including lameness and joint pathology, gastric 
ulcers, anestrus, and early mortality (Pursel et 
aL, 1987, 1989; Ebert et aL, 1989) in 
transgenic pigs and early mortality in trans- 
genic sheep (Rexroad et aL, 1989; Ward et aL, 
1989) resulted from overproduction of GH. 

Because of the pathologies associated with 
overproduction of GH in transgenic sheep with 
MT-GH or MT-GRF transgenes, we selected 
the mouse transferrin (Trf) promoter for a GH 
transgene (Trf-GH) and albumin (Alb) en- 
hancer/promoters for a GRF transgene (Alb- 
GRF) for experiments in transgenic sheep. 
Both transgenes increased circulating levels of 
GH in sheep. Transferrin-growth hormone 
increased insulin-like growth factor I (IGF-I) 
in transgenic lambs. Both types of expressing 
transgenic sheep did not thrive and developed 
a diabetes-like condition. 

Experimental Procedure 

Gene Construction. To generate the Trf-GH 
fusion gene (Figure 1) a mouse transferrin- 
human growth hormone fusion gene was 
constructed by fusing the 3-kb EcoBH-BamHl 
fragment containing the mouse Trf promoter 
and enhancer to the BamHl site of human GH 



(Idzerda et aL, 1989). The BamVOrSph I frag- 
ment of bovine GH was substituted for the 
comparable fragment of human GH, leaving 
about 3 kb of human GH 3' flanking 
sequence. A 5.1-kb EcdSl fragment was iso- 
lated far microinjection. The Alb-GRF fusion 
gene (Figure 1) was generated by ligating a 
12-kb EcoRV-Bamm fragment containing the 
mouse Alb promoter and enhancer (Pinkert et 
aL, 1987) to the 1.7-kb human GRF minigene 
BGlTL-HindQl fragment (Hammer et al., 
1985a) in which the HindSl site had been con- 
verted to Sail The 13.7-kb EcdRVSal I frag- 
ment was isolated for microinjection. 

Generation of Transgenic Sheep. Zygotes 
were collected from superovulated parous ewes 
of mixed breeding as described previously 
(Hammer et aL, 1985b). Singled fertilized 
sheep zygotes were collected on d 2 of fee 
estrous cycle. Zygotes were then transferred to 
sterile tubes containing Medium 199 with 
Earle's salts, 2.2 g/liter of sodium bicarbonate, 
and 10% fetal calf serum (pH 7.4). Between 
0800 and 0930, zygotes were transported at 
39*C from Beltsville, MD to Philadelphia, PA, 
where they were microinjected with DNA (2 
ng/ul; Hammer et aL, 1985c). Microinjected 
zygotes were returned to Beltsvilk by 1830 
and transferred to recipient ewes that had been 
in estrus at the same time or up to 24 h after 
the donor ewes. Oviducts of recipient ewes 
were exposed via mid-ventral laparotomy. 
Microinjected zygotes were aspirated into a 
positive displacement glass micropipette in a 
volume of 5 to 10 and expelled 1 to 3 cm 
into the fimbriated end of the oviduct In most 
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TABLE 1. PRODUCTION EmOENCY 
OF TRANSGENIC SHEEP 



Trf-GH, A1W3RF. 




MD, 



*Amgen, Thousand Oafc. <^ Baltimore, 
^National Hormone and Pituitary Ag™.,, 

'iONovo Research, Copenhagen Denmark. 

ly-^fn^ mo. 

12 Sigma Chemical Co., M. 
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TABUS 2. HUMAN GROWTH 
HORMONE-RELEASING FACTOR (GRF) 
LEVELS IN PLASMA AND TISSUE 



Lamb sex 


Tissue 


GRF T pg/ml 


8824 Ewe 

8769 Ram 
Controls* 


Plasma pool at 1 to 2 mo 
Plasma at necropsy 
Plasma pool at 1 to 2 mo 
Plasma pool at 1 to 2 mo 


683.0 

51.0 
264.0 

10 to 30 



*N = 5. 



8727, 8741, and fetus 770-2 that expressed 
Trf-GH had 1, <1. and <1 copy of the 
transgene, respectively. Lambs 8769 and 8824 
that expressed Alb-GRF had 10 copies and 1 
copy of the transgene, respectively. The 
nonexpressing Trf-GH lambs all had two or 
fewer copies of the transgene in their genome. 

Circulating Levels of Growth-Related Pep- 
tides. Plasma pooled between 1 to 2 mo of age 
from ewe 8824 and nun 8769 contained 683 
and 264 pg/ml of human GRF, respectively 
(Table 2). Levels of GRF in all other control 
and nonexpressing transgenic lambs were 
between 10 and 30 pg/mL 

Growth hormone levels from ram 87oy, 
ewe 8824, and paired controls are presented in 
Figure 2A. Chronically elevated levels of 
endogenous ovine GH, ranging from approxi- 
mately 30 to 50 ng/ml, were observed between 
4 and 21 wk of age. After 21 wk of age (near 
the time of death), GH levels decreased to 
control values. Insulin-like growth factor I 
levels were also assayed in plasma from ram 
8769 and ewe 8824 (Figure 2B). Elevated 
levels of IGF-I were not consistently observed 
in these sheep. 

Similar measurements were performed on 
Trf-GH expressing sheep. Growth hormone 
chronically elevated in both ram 8727 (-100 
ng/ml) and ewe 8741 (-200 ng/ml) (Figure 
2A). Levels of IGF-I were also elevated in 
plasma for both expressing Trf-GH sheep. Ewe 
8741 had circulating levels of IGF-I at 
approximately 500 ng/ml, and ram 8727 had 
levels that continuously increased from 100 up 
to 1,200 ng/ml (Figure 2). Growth hormone 
and IGF-I values in control and nonexpressing 
sheep were approximately 5 ng/ml and 200 ng/ 
ml, respectively. 

Transgene Expression. Steady-state levels 
of transgene RNA in various tissues of Trf-GH 
transgenic sheep were measured by solution 
hybridization (Table 3). Variable levels of 
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bGH-RNA were found in a variety of tissues 
in the Trf-GH sheep. Relatively high levels of 
bGH-RNA were found in the liver and heart of 
ewe 8741, and high levels of bovine GH RNA 
were found in the gut of fetus 770-2. Ram 
8727 expressed transgene RNA predominantly 
in the brain and spleen. Human GRF RNA was 
found in all tissues analyzed; highest levels 
were found in the liver and pituitary of Alb- 
GRF ewe 8824 by Northern blot analysis 

(Figure 3). 

Growth of Transgenic Sheep. The growth of 
Trf-GH expressing transgenic ram 8727 far the 
first 21 wk of life was similar to that observed 
in a paired control and in contemporary control 
lambs (data not shown; Rexroad et aL, 1988). 
About the same amount of feed for each 
kilogram of growth was required by ram 8727 
and the paired control (Table 4). In contrast, 
the Trf-GH expressing ewe 8741 grew at a 
nearly normal rate until about 15 wk of age, 
after which she grew less rapidly than her 
paired control. Lamb 8741 required almost 
twice as much feed for each kilogram of 
growth (Table 4). 

Transgenic ewe 8824 expressing Alb-GRF 
grew at a nearly normal rate in comparison to 
her paired control and contemporary controls 
(data not shown), with approximately normal 
growth efficiency for the first 17 wk of life. 
Transgenic ram 8769 expressing Alb-GRF was 
small at birth and failed to exceed 12 kg in 

weight. , _ . 

Pathology Associated with Transgenic 
Sheep. Transferrin-growth hormone ram xui 
seemed to develop normally. This ammal lived 
to approximately 7.5 mo of age and faded to 




TABLE 3. TRANSGENE mRNA LEVELS 
m TISSUES FROM TRANSFERRTN-C3tOWTH 
HORMONE SHEEP* 







Sheep (sex) 






770-2 


8727 


8741 


Tissue 


(Ewe) 


(Ram) 


(Ewe) 


Heart 
Liver 


12,0 
2,0 


0 
0 


43.8 
36.1 


Gut 

Brain 

Kidney 

Spleen 

Lung 


40.0 
0 

12.0 
0 
0 


0 

6.9 
0 

13.3 
0 


0 

8,2 

2.9 

2.8 

0 

0 


Pituitary 


0 


0 




Muscle 


4.0- 


0 


0 



•Values are picograms of bovine growth hormone 
RNAA*g of total nucleic acid. 



mature s< 
almost i 
epididym 
seemed t 
legs. AW 
observed 
ram (874 
teristics 
lambs. B' 
6 mo of 
were pre 
ewes ha 
All d 
GH lev* 
death. A 



Figure 
releasing i 
plasma io 



variety of tissues 
cly high levels of ; 
liver and heart of 
bovine GH RNA 
ems 770-2. Ram 
JA predominantly 
in GRF RNA was 
d; highest levels 
pituitary of Alb- 
tn blot analysis 

77. The growth of 
ram 8727 for the 
• to that observed 
emparary control 
>ad et al., 1988). 
? feed for each 
ted by ram 8727 
: 4). In contrast, 
8741 grew at a 
t 15 wk of age, 
apidly than her 
required almost 
± kilogram of 

*sing Alb-GRF 
1 comparison to 
iporaiy controls 
imately normal 
17 wk of life, 
g Alb-GRF was 
cceed 12 kg in 

th Transgenic 
none ram 8727 
OS animal lived 

e and failed to 



A LEVELS 
OfrWHtOWIH 








8741 
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43.8 




36.1 
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^SGBMC SHEEP WITH ELEVATED GROWTH HORMONE 2999 

have little subcutaneous fat and almost no 
SSenal fat Loss of body 
SoTfat was probably ***** 
Setes-iike condition observed m these 

levels were chronically elevated after 14 wk of 
a?e in rSh types of expressing transgenic 
sheep (Figure 4). Glucose levekupto apprc^ 
°r!2L Ino m g/dl were observed in bom 
^^TrfiHsheepandupto^J^ 

S/db-GRF ewe 8824, compared with 
i„ control animals of approxunatety 50 mg/dL 
SSma insulin levels in TrK3Hand A*- 
GRF sheep also became elevated. Insuhn 



sexually. His testicles were small and 
*? Z ^Hoenn could be found in the 
SyrnSes^rcssing AHvGRF ewe 8724 
SHo have severe bowing of the front 
SjSiw* condition is unusual, it was 
Sved in I nonexpressing Trf-GH transgemc 
°Z7m%) and may reflect a genetic charac- 
StSo ^ flock used to generate these 
£f B oth ewes 8741 and 8824 died at about 
fZ of age and had reproductive ttacte that 
^pfepuberal in appearance. Neither of the 
rwes had ovulated. 

All three transgenic lambs with elevated 
GH levels lost weight immediately before 
Sh. At necropsy the lambs were found to 
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TABLE 4. GROWTH EFFICIENCIES OF TRANSGENIC SHEEP' 





levels up to 10 and 16 ng/ml for ™f™™ 
8741 and ewe 8727, respectively, and 7 ng/ml 
for Alb-GRF ewe 8824 were observed (Figure 
4) These elevated levels of insulin decreased 
before death. Control insulin levels were 1 to 3 

D8 pUsma BOHB concentrations were elevated 
in the expressing transgenic lambs, parallehng 
the high glucose levels found after 14 wk of 



age, which indicated that the animals were 
kstotic (not shown). 

Discussion 

In previous reports the efficiency of produc- 
ing transgenic sheep (transgenic ^ambs/zygotts 

1985c) to 2.07% (Renoad et aL, 1989). The 
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from the microinjection procedure is injection 
of buffer and(or) DNA into a pronucleus 
(Rexroad and Wall, 1987). Refined microinjec- 
tion procedures may account for the higher 
viability and integration rates currently ob- 
served. 

The Trf-GH gene was active in sheep, 
producing elevated levels of bovine GH in 
plasma. In mice, the transferrin gene is 
expressed at high levels, predominantly in 
liver, and at lower levels in brain. Inis pattern 
of expression was observed in transgenic mice 
carrying a fusion gene composed of the mouse 
Trf enhancer/promoter ligated to a human GH 
structural gene (Idzerda et aL, 1989). However, 
no consistent tissue-specific pattern of expres- 
sion was observed for the Trf-GH gene in the 
three transgenic sheep. Expression was high in 
liver and heart in one animal, and high levels 
of bovine GH RNA were found in gut in 
another. Expression was undetectable in liver 
of ram 8727. Thus, although the mouse Trf 
enhancer/promoter seems to be active in sheep, 
proper regulation was not observed. It is 
possible mat the factors required for tissue- 
specific transcriptional activation of the mouse 
Trf gene are not present in ovine cells or that 
ovine factors do not interact efficiently with 
the mouse Trf regulatory region. Transgenic 
sheep carrying a fusion gene composed of the 
ovine metaUothionein promoter ligated to the 
ovine GH gene expressed GH at levels greater 
than those observed using the mouse MT 
promoter, also suggesting species-specific ef- 
fects on expression of foreign genes (Ward et 
aL, 1989). Such species considerations may be 
important in selection of the regulatory regions 
for specific genes used in generating transgenic 
livestock. Alternatively, the variation observed 
could be explained by influences specific to 
the site of transgene integration. 

The Alb-GRF gene was also active in 
sheep. In mice, the Alb gene is expressed 
specifically in liver, and transgenic mice 
harboring Alb fusion genes generally follow 
this tissue-specific pattern of expression 
(Pinkert et aL, 1987; Sandgren et aL, 1989). 
This pattern was not observed in the Alb-GRF 
ewe 8824, although expression in liver was 
relatively high. Thus, the mouse Alb enhancer/ 
promoter is not functioning properly in this 
transgenic sheep. The lack of expression in 
liver may be due to regulatory elements 
residing within the human GRF sequences. 
Alternatively, the combination of Alb and 



GRF sequences may have created a novel 
dement specifying ubiquitous transcriptional 
activity (Swanson et aL, 1985). 

The activity of the mouse Trf promoter in 
sheep resulted in the ectopic production of GH, 
leading to the induction of elevated levels of 
endogenous IGF-I. Similarly, the mouse Alb 
promoter/enhancer redirected expression of 
GRF to many tissues, which in turn induced 
elevated levels of endogenous sheep GH, 
These results demonstrate that the expression 
of foreign growth-related genes in sheep is 
capable of stimulating the cascade of endoge- 
nous hormones associated with growth. 
Despite the elevated levels of GH and IGF-I, 
both of which have central roles in growth, 
these sheep failed to grow faster than controls. 
Furthermore, these expressing transgenic 
sheep, unlike pigs with , elevated GH, did not 
demonstrate enhanced feed efficiency. Howev- 
er, similar to pigs with elevated GH, mere did 
seem to be a significant and sizable decrease in 
fat deposits (e.g„ in subcutaneous and 
perirenal areas; Pursel et aL, 1989). 

Pathologies were found in all of the 
transgenic sheep that expressed the transgenes. 
Indeed, all died at a relatively early age, 
whereas nonexpressing transgenic sheep carry- 
ing the same genes were unaffected Most 
prominent among these pathologies was a 
diabetic condition that developed in both types 
of expressing transgenic sheep. Glucose and 
insulin levels became chronically elevated. 
Before death, insulin levels dropped and 
BOHB levels increased, indicating ketosis* The 
utilization of fat as an energy source would 
explain the lack of fat observed in the sheep at 
autopsy and is consistent with the development 
of ketone bodies associated with inadequate 
intake of utilization of ME. Transgenic pigs 
chronically expressing foreign GH also de- 
velop a variety of pathologies (Ebert et aL, 
1988; Pursel et aL, 1989), many of which are 
also prevalent in general swine populations. 
The observations of Pursel et aL (1989) 
suggest that the severity and frequency of 
these conditions may be increased by chrome 
exposure to elevated levels of foreign GH. 

Transgenic mice chronically expressing for- 
eign GH or GRF that grow at accelerated rates 
compared with controls exhibit hepatomegaly 
and glomerulosclerosis (Doi et aL, 1988; 
Quaife et aL, 1989). These animals die earlier 
than controls, perhaps because of the kidney 
lesions induced by chronic exposure to GH. 
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Street, Suite ^ 



SI <^ffA- longer acting tissue plasty 
^l^ctivator) from an expression vec- 
BOg en ' murine whey acid pro- 

^"""KBf linked to the 

^^^^^ 
J wo transgenic goae j^a, a f e - 

29 animals bom. ™ J^J^carry the 
^e, was mated and allowed to c^rj^ 

pregnancy to term. M£k £ %q con . 
upon parturition sm ^ w ^t At p A at a con . 
tain enzymatically active LAU-a at 
centration of 3 j*g/ml. 

everal types of human P^JK op- 
pressed .in lacjung £™J*£5 int0 milk 
gemc rn.ee and *c go*^ ^ of 



?on,low number of: ^*££Z£Lwi^ 
nant proteins ^"P^f^dng FOtein synthesis to an 
iological problems 2 . By J "g"*"^ prote ins would be | 
exocrine orean ui w s h J* C a ^fr om W circulation and 
«P-* S33f - and others hope to^ass 



removed from the anunal, ™J™ ° ta ^ generation of 
some of these V^^^^. shee B p , which pro- 
tr a nsgenicUvestock. In fac^ tra™8 em ^ n gyrated and 

apparendyochibitnophyao ogicai ^ ^ ^ 
&, although expr^n kvek^m th ^ 
low. More ^J'^S'tra^genic swine and mice 
Z?ZttS!£S& on the physiology of the 

^e^opr^ 

the large-scale manufacture crt mgn ^ ^ 

teins in the transgenic Lat was chosen 

dairy goat as a f^SS^V^^"^ 
for several reasons: (1) Dairy 8» H (2 ) goats have 

of milk, «f^55 0 fmoderatelength(5 
gestation and development penoo* ^ , 

Ed 8 months respecovely) and gg» , 
extensively <* a ?«XieVn successful generation of 
this paper, wc ™ d e7ti*u approach those in the 

transgenic goats at ^ U ^^J_ a ^nsgenic goat was 

. l^^SiKLTh. expression vector 

expression levels and low SSta the mouse Generation of ^8"™'* by fusing a 2-6 kb 

L CMost of the work to date to .been d on £ £ ^ WA p ^ ^MgMJJ^g^ of (he murine whey aad 

F 1 model system. Regulatory ^"^{^d ftiasein E^R^ K P nl f ^n« a encoding wUd type human tPA . 

1 4 protein (WAP). B- and «-**»f*Z*W™ cf numerous protein gene to » ^«^!o f tPA in milk of transgenic 

I ! genes have been used to target ex S sl0 "duding tissue This vector led » «3"*»*SJ „ k/0U (data not shown). A 

fenes to the lacuting ^Kophilic -ice at levels as high as 250 ug^ ^ (denRnated 

. Plasminogen •f^f^^^Ttcrleukin-S 7 . and 
. factor IX s , soluble Cm . hjir^u. ^ ^ 
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Victor IX s , s° lubl ^S m A \Srsvsttm based on the 

human *x+»*^*J\ t £^ * * mouse m0, £ 
«Sl-casein gene has also been tesw » milk 

where human urokinase ^^ ch S J cellular 
at levels 10 times greater than those acme 
'expression systems . j„ mr .n<itrated the feasibil- 

Krf«^^^ES^ pSdM into milk, 
gland and secretion of heterologous v , pro duc- 
efficient generation of tramgen, : UyejoA and p^ ^ 
tion of foreign proteins in their mUk have P ^ f 

1 difficult to adiieve. Early work aimed at the gene 
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mice at levels as high m 25 ^WJ^j (designated 
structural tPA variant was cor ' iM muta . 

LAtPA) in which an "PW^Jf „ produce a recom- 
non was ^ced into Ae^NA j ^ n? 

binant protem devoid d « go yu ^ 
Thb longer •^SJ^S'SSnA fragment contauung 
half-Ufe in a rabbit model A U£ ^ $ubstituted for 
this point mutation .m the *Aci^ ^ tc ^ 

the equivalent fragment in J« . 1} 
vector used in this ™$2f^c£y from the oviducts 
Goat embryos were ^^^f^Ld in the Expen- 




_ u//^p promoter 



^ V . r ,v,p WAP-LAtPAwpJ 65 



A B ; C 



b?vos However, ^^Ift Eoinjected centrifuged 
^ ^nes have confirmed *at micro j ducc viab l e 

TTcf go" e^ryos are ^^^.nW* 

?^LL ro the oviducts of calf serum in anl 

^Flf medium containing 1 ^Jg^T 7 2 hours and| 

° n ^SmScy confirmation over the ni « . ^ g 

• m order to aeice dete caon. l*o d ma i e> 

- . ldent £| i The generation of 2 transg 

normal, developed sper^ | 





1 J^SS^fesSJS? 



TI HIISunmwyj>niy^^ 

Oviduct 



Oviduct 
Uterus 
Uterus 



137/1-cell 
18/2-cell 
10/1-ccU 
31/morula 
7/movula D 




B. Efficiency 

No. 
Recipients 



No. Embryos 

203 



No. Pregnant (%) 

18 (50.0) c 



No. Offspring (%) 

29 (H.3) d 



No. . 
Xran^ enlC , 

2 (6.9) c 



-Embryos injected at tne^ rf or( . (rnant anim al S oer n 



'S^ats. Therefore, we ate ttaM aene. i ,,,. . . - 
J^Tes to the integraopr^pf th^ m^K n , . tf ^ ^ 

5 glople copies- «»23«We 4.9 kb fragment if the 
%ene resulting ; ina P^gje copie s and in a tandem 
fusion Rene integrated m u r M y juncaon frag- 

fn?y in normal oneniauo^eU * ^ ^ ^ 

l^g-The^^ 
^NAfragmenu ^ ^ 4?2 bp 

_ .^t« nf the 



Snts the 3' i« n ^" f re c n Waal restriction pattern 

^nsgenicoffspmg ^sh^co ^ ^ 
the transgene per ""S^der animal was a mosaic 
taKrpr^»^ f ^^jHeiie per ceU than was 
with more copies of the »g £ ^ b , ots we re 
originally estimated. Ad ^°"^ y mdicate d that the bands 
counted on a Beta Scope, the ^ #! founder 
£ offspring 1-3 were ^« ^ value^ r 

supped the concept 
mosaic (data not shown). It ring contained ap- 

em analysis that the """g^^Jr cell. Itshpuld 

tt^^OTi** from ^ tlSSUC 

'ptt£ manually twice ^^en at and thawed 
ff 3 -4 liters. Milk was ^^^J^ assays were 
just prior to ana^y^ £ USA ^ ^ fi „ 
run on representative mUK up to the 
I months of lactauon with ~n^»eaj and C oncen- 

endoflac»tion (240 days). The dauywiu animal 

Urtion of LAtPA is shown < in Figu « * 
expressed ^PA at appro»ma^^S ^ ^ 
peak lactation period (1 to ^ d of lhe lactation 

concentration (6.0 u|/nu) ™* r *£Zdtocn™* produced 
period (141 to 240 days). first lactation. The 

LAtPA at the same concentrauon as me ^ days 

first lactation period was ™^3£i procedure. The 
to 240 days to eliminate characteristic of 

daily milk output and '^ctauon curve w« 
a normal dairy V^f^H^S)met part of the 
ent rise in output of ^* A „VX constant total protein 
lactation period did not parajdj to : consta ^ ^ 
concentration in the same milk f^^, i 2 corre- 
production from September 1 ^ (first 

sponds to the initiaaon of her second 
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^rLi rtane A) and her five kids l^^fV-Ljionated on an 
Sttd rom Mood was digested wit ^Jgl^A fragment ! 

kb 5' tunciion fragment (Banfl i j _ inor ^ of l.b Jj> 
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nmduction throughout the ""oayi* _r MnceMr anon ot 
cyde and breeding are »W» rf a ^uugemc go* (#^1* 



SpresstanofLAu^Am Aemdk o^a«n*B ^ m ^ n ymg 
was harvested and "? re ^ f f h /Swnant enzyme in the milk 



was harvested ami « — - - recoro bmant enzyme ™ -- 

naoer The concentranon of Ae r«oro d va s 

determined by ELISA Jotd l^^joa^ for d 



e«i Octobcr-S; second estrus = <>^ J 4 {jgj 
estrus Vr . 12 \ The total amount of LAtTA 
ir Z was calculated and daily averages and 

—a*. « ^™ g™£ anta*. The 

slight rise m output of LAtPA <iurmg ^ f 

phannaceuucals. 

EXPEW>^^PROTO^L a5 donor animals 

Production of transgenic B»«V^ J - timing of estrus was 
were of either Alpine or Saanen ™ T * lants (Syn- 
chronized in die donors^ ™*ger^»*. 6 mg). 

mg over three days m twice ?aUy mjeow ^ 
personal communication) During^ ^ aw*™ -Xmisiered 
F^toterfraH*^^^ Twenty-four 
similarly over three days "^AnSirnals were mated 
hours following implant removal *e ^ Red ient 

several rimes to fertile .males over ^°™VJ* the / onor 
animals were synchronized by ^ e ^ P™ 1 ^ injection of 
animals except that a s,n ^ siSna, Su Louis, 

pregnant mares serum r watrS in place of 

fa<3 was given on ^ » « n f AeSients received 400 

the FSH. From September to January, tne reap rf ?50 IX} 

W PMSG. and from ?W «°AftJ males to 

PMSG. Recipient females hou^following implant 

ensure estrus synchrony^ve^ wo no ^i duc ts of 

removal, embryos were revered ^W^awdated with 
donors. Embryos were I *****JF%S?£S& phosphate-buff- 
ovulated ovaries through acmnda TwSdhh as pre vious, y 
ered saline and were co Uected in ^\ gno ^p.&pA was 
reported 15 . The Hmdlll-BamHl '"f?™;" „ u em bryos or 

bio a nucleus of one Mastomere of t tra W errcd 

the buffy coat recovered from blood or goat 
digestion with restriction ""^^^^"BtoUinW'* 
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